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Preface 


THIS BOOK was written for people interested in science. You 
don’t have to have had a course in science to read it. Neither 
do you have to be a student. It was written for fun, to be 
read for fun. 

The use of our senses to learn about the world around us and 
the use of our minds to wonder about it are at the very heart 
of all science. A plane trip is an opportunity to see and 
hear and feel things that we don’t experience every day. The 
purpose of this book is to help you make the most of this op- 
portunity. It need not be read consecutively. Skip around 
to sections that interest you at the moment. 

You will find little in it about the airplane itself because 
there are so many different types of planes. It seemed bet- 
ter to leave the discussion of the airplane’s internal workings 
to the leaflets written by the airplane companies. Some of 
them do it very well. 

Many of the observations mentioned in this book were first 
called to my attention by others: my observing friends, people 
I met on planes, and of course by other authors in whose 
books I discovered clues to interesting things to watch for. 
You, the reader, will discover other things which should have 
been included. I hope you will write and tell me about 
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Science from Your 
Airplane Window 


I. Taking Off 


THE PLANE is on the runway. You are comfortably seated with 
your seat belt fastened according to instructions and you have 
opened this book. Here we go. 

The plane surges forward along the runway. But what hap- 
pens to you? You go along, reluctantly. Your body hangs 
back, pushing against the back of the chair. If your body 
were not there, that force would not be exerted in a backward 
direction on the chair. The engine has to work just that much 
harder to accelerate the plane because you are on board. 

The way your body hangs back demonstrates a property 
that every body has: inertia. Inertia is the tendency of a body 
to continue standing still if it is standing still or to continue 
moving at constant velocity in a straight line if it is moving 
at constant velocity in a straight line. As the plane acceler- 
ates, increases its velocity, along the runway, the force between 
your body and the chair continues to be felt because your 
body tends to maintain a constant velocity unless a force is 
exerted upon it. 

When the speed is great enough, the pilot decides to take 
off. You feel a bit of a lift and you are in the air. What do 
you mean, you “feel a lift’? You would have known with 
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your eyes closed that the plane was taking off. How? Your 
body was speeding down the runway in a straight line when 
the path of the plane curved upward from the ground. The 
inertia of your body made it tend to continue in a straight line 
so again you and the plane pushed on each other. In the early 
days of flying, when few pilots had instruments to tell them 
whether the plane was rising or falling, those without instru- 
ments were said to be “flying by the seat of their pants.” 

Suppose you were weighing yourself on a scale in the air- 
plane instead of sitting in your seat when the plane left the 
ground. The scale would exert an additional upward force 
on you, just as the seat did. This is the same as saying that 
you would exert an additional downward force on the scale: 
you and the scale would push against each other. If you read 
your weight on the scale you would find it to be greater than 
it was when the plane was not accelerating upward. If you 
found it to be one tenth greater, you could say that you were 
experiencing an acceleration of 0.1 g because your weight was 
1.1 times what it would have been if due just to the gravi- 
tational attraction between you and the earth. The g stands 
for gravitational acceleration, 32 ft. per second per second, of 
a body falling in vacuum. In air force tests men have survived 
accelerations of more than 30 g without permanent injury. 

I have never seen a people scale on an airplane, but you 
can carry a letter scale on board with you and measure verti- 
cal acceleration by weighing something on it. You may be 
surprised at how small the acceleration is when you can feel 
it distinctly. A qualitative measure can be obtained from the 
difference in stretch of a rubber band with a heavy object, 
such as a bunch of keys, suspended from it. The difference 
will be small so you will need to hold something behind the 
rubber band against which you can judge the change in posi- 
tion of the suspended weight. 
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Sir Isaac Newton would have enjoyed the experience of 
taking off. Back in 1685 he stated precisely what had previ- 
ously been noticed by Galileo: “Every body perseveres in its 
state of rest, or of uniform motion in a straight line, unless 
it is compelled to change that state by forces impressed there- 
on.’’° There it is, the pressure on your back when your “body 
perseveres in its state of rest’’; the pressure on the seat of your 
pants “by forces impressed thereon” when your “body per- 
severes in its state .. . of uniform motion in a straight line.” 
This is known as Newton’s first law of motion. 

Sometimes there are things worth watching for as you go 
down the runway. If there is snow on the ground, the snow 
near the runway may become covered with small icy snow- 
balls, rolled up by the strong air blasts from the passing planes. 

If there are puddles of water the blast of air from the plane 
causes their surfaces to be covered with ripples. In the same 
way the wind causes the sea to be covered with waves, but 
here at the airport the phenomenon is miniaturized, both in 
space and time. Hundreds of very small waves form in a very 
short time. Why doesn’t the air pushing on the surface of the 
water just push a hollow in it? Why, instead, does it cause 
many evenly spaced troughs with ridges in between? The 
distance from ridge to ridge is very regular. What does it 
depend on? The answers to some of these questions are diffi- 
cult to determine, even for students of hydrodynamics. 

The stable position of the surface of standing water is a hori- 
zontal plane, perpendicular to the gravitational force between 
it and the earth. If standing water is disturbed, as it is when 
a stone is dropped into it, waves form. Water is a pretty in- 
compressible substance. If you push down on its surface in 
one place, the surface will have to rise somewhere else. In 


*Isaac Newton, Principia, 2-volume paperback (Berkeley, University of California 
Press, 1962). 
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both places the surface will then no longer be in the stable 
position and will be subject to gravitational forces tending to 
restore the original horizontal plane surface. But the surface 
in each case “‘overshoots” the stable position, the trough be- 
comes a crest and the crest becomes a trough. The wave 
form moves on from one place to the next as the water oscil- 
lates up and down. We have not answered all the questions 
we asked. The purpose of asking them is to call attention to 
the extraordinariness of ordinary things. 

As the plane takes off, it loses contact with its shadow. What- 
ever flies gets separated from its shadow. 

Airplanes take off into the wind. At first this might seem 
strange since the plane has to push against the wind and it 
is trying to gain speed. A racing car can’t go as fast against 
the wind as with the wind and neither can a plane. However, 
the important thing in getting an airplane off the ground is 
not its speed relative to the ground, but its speed relative to 
the air. If it can get up to 100 mph. with a 25 mph. head 
wind, its speed relative to the air is 125 mph. It could go 
faster, relative to the ground, down wind — perhaps 110 mph. 
But then its speed relative to the air would be only 85 mph. 

If the speed of the plane relative to the air makes it rise, 
it must be that the forward motion causes more up-push than 
down-push, a net force upward. The air must somehow be 
pressing harder against the underside of the wings than against 
the top side, so much harder that it lifts the airplane. One 
way in which this difference in pressure is achieved is by 
shaping the wing so that the air that goes over the top has 
to go farther than the air that goes under the bottom (Fig. 
1). As with soup, when the same amount has to go farther, 
it has to be thinner. The molecules of air passing over the 
top of the wing spread farther apart and exert less pressure 
than those underneath the wing where they are packed more 
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closely together. At the trailing edge of the wing the top air 
must come together again with the bottom air. The greater 
velocity of the air going over the top has resulted in a lifting 
force. 

You can demonstrate this effect with a small piece of paper. 
One about 3 x 5 inches is satisfactory. Hold the short edge 
close beneath your lower lip and blow across the top of the 
paper (Fig. 2). The greater velocity of the air above the 
paper makes it rise. It is just this that helps to lift the plane 
off the ground and keep it in the air. 


Figure 1. Air foil 


Figure 2. Lift experiment 
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The air moving past the wing helps to lift the plane in still 
another way. If the leading edge of the wing is higher than 
the trailing edge, the force of the moving air against the under 
side of the wing will be greater than its force against the up- 
per side of the wing. The lift produced in this way has been 
experienced by everyone who has held his hand, with fingertips 
lifted forward, in the airstream passing the window of a fast- 
moving car. 

In the air the body of the plane hangs between the air- 
supported wings which bend because of their burden. The 
outer tip of the wing of a Boeing 707 is raised 39 inches when 
the plane is flying level in still air, but can flex upward more 
than 10 feet or down 3 feet if necessary. An early model B47 
had such flexible wings that wheels had to be put on their tips. 
When the plane took off, the wing wheels would leave the 
ground first and the body would follow soon afterward! 

As the plane gains elevation, an uncomfortable sensation in 
your ears may tell you that the air pressure is becoming less 
than it is on the ground, at the bottom of the sea of air. Even 
in a “pressurized” cabin the air pressure in the plane is al- 
lowed to fall somewhat lower than ground air pressure, enough 
so that you can usually feel it in your ears. After a while your 
ears may “pop” and then fee] better or you may hasten the 
improvement by swallowing, yawning or chewing gum. All 
this happens because of the peculiar nature of your Eustachian 
tube. 

The Eustachian tube (E in Fig. 3) connects your middle ear 
(M in Fig. 3) with your nose-throat cavity which it enters high 
in the back of your throat, behind the back of the roof of your 
mouth. It is a limp tube with no muscles of its own and is 
therefore normally collapsed like a toy balloon unless some- 
thing causes it to open up. 

The other side of the middle ear is closed by the eardrum 
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(D in Fig. 3), which seals off the middle ear from the outside 
air. The middle ear is about half an inch in length from front 
to back and half an inch high — and it is full of air. 


Figure 3. Simplified diagram of the ear 


On the ground, the air in the middle ear is at ground-level 
air pressure. As the outside pressure is lowered, the trapped 
air in the middle ear presses outward on the surrounding tis- 
sues, giving you the sensation of pressure in your ears. The 
pressure on your eardrum distorts it and your hearing is some- 
what impaired. When the difference between the inside 
pressure and the outside pressure becomes great enough to 
push the walls of the Eustachian tube outward, it is forced 
open (your ears pop) and some air is released from the middle 
ear so that the pressures are equalized. Sometimes the escape 
of air is apparently achieved as a slow leak along the Eusta- 
chian tube, since your ears gradually get to feeling better 
without popping. When you swallow or yawn, your muscles 
pull on the end of the Eustachian tube, straightening it out 
so that it can be forced open more easily than when it is 
crumpled. 

We will come back to physical sensations later. Now let 
us see what we can observe from the window. 


2. Standing Water 


ONE OF THE OBSERVATIONS from a plane that is surprising to 
most of us is that there’s so much water distributed across the 
land. Over much of the northern United States and nearly 
all of Canada there is a great abundance of lakes and streams, 
most of which we never see from the ground because, though 
our road may be close to them, vegetation or some slight rise 
of land hides them from view. 

If you are on the sunlit side of the plane, watch for the 
water that is just in the right position to reflect the sun’s rays 
into your eye. When the sun is high in the sky the brightly 
reflecting water will be close below the plane; when the sun 
is low, it will be far off. This is because rays that reach the 
lake’s surface at a steep angle will also leave at a steep angle, 
but when they arrive more nearly parallel to the surface, they 
leave more nearly parallel and you would have to be flying 
very low to intercept them if you were close to the lake. It 
is the law of reflection: “The angle of incidence is equal to 
the angle of reflection.” (A = A, B = B, Fig. 4) Every little 
puddle and rivulet glitters brightly as it reflects the sun and 
you can then appreciate how much water there really is 
(Plate I). 


Plate I. The water in the right position flares into brilliance 
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If the water has waves or ripples on it so that parts of its 
surface are tilted away from the horizontal, these parts will 
reflect light at an angle different from that for the horizontal 
surface. If the still water is reflecting the sun brightly to your 
eye, the part of the surface that is rippled by the wind will 
be at the wrong angle to reflect and will look darker. If the 
standing water is not reflecting the direct sunlight, some of 
the surfaces of the waves may be at the correct angle to reflect 
and will look brighter. 

A dark river far below you may show a straight line across 
it with brightly sparkling water on one side of the straight line: 
a dam with rough water downstream. 

When bright reflections of the sunlight flash out from other 
parts of the landscape (other than that where the horizontal 
water surfaces are brightly reflecting), they must be from non- 
horizontal surfaces that happen to be at just the proper angle 
of tilt: the roof of a greenhouse, perhaps, or a skylight. 

Sometimes, when the sun is low and the distant landscape 
is obscured by haze, a bright reflection may show you a body 
of water much farther away than any other feature in view. 
Because the water is separated in viewing angle from the rest 
of the landscape that you can see (see Fig. 5), it gives the im- 
pression of being higher than it ought to be, sometimes even 
appearing to be floating above the land. 

Physicists have made for themselves mental pictures of 
what light is like. The picture that fits much of the behavior 
of light is that it is wave-like in nature and we find we can 
use the patterns of wave forms moving across the surface of 
water to help us think about some of the experimental results 
with light. The distance from crest to crest of neighboring 
waves is called the wavelength. The wavelengths of light 
waves are very short: there are about 36,000 wavelengths of 
red light to the inch. Orange, yellow, green and blue light 
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have progressively shorter wavelengths and the wavelength of 
violet light is just about half as long as that of red light. 
You may remember that one effect that makes us think of 
light rays as wave-like in nature rather than bullet-like is their 
behavior when they pass through a pinhole. Light from a dis- 
tant source passing through a pinhole does not continue as a 
single rod-like beam with sharp edges which would make a 
perfectly sharp circular spot of light on a white piece of paper 


Figure 5. Distant reflecting bodies of water may appear to be floating 
above land 
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held in its path. Instead the narrow bundle of rays spreads 
a bit and, because of interference among them, dark and light 
bands appear surrounding the central beam (Plate II). The 
phenomenon is known as diffraction. 

You can use a little lake in the same way! A very small 
lake, far below you, in just the right position to reflect the 
sun’s rays most brightly brings to your eye a narrow bundle 
of rays from the sun. In this way it behaves as though it were 
a pinhole, letting through the sunlight from a long way off on 
the far side. If you watch closely as the lake gets brighter 
and brighter, approaching the optimum reflecting position, 
you will see briefly, as it flares up with maximum brilliance, 
a set of irregular dark and light bands like those in Plate II, 
surrounding the central beam from the lake. Sometimes you 
may see a “rainbow” of colors in the diffraction bands. This 
arises because diffraction results from the wave nature of light, 


and light of longer wavelength (e.g., red light) is diffracted at 


Plate I. Rings of light diffracted from pinhole apertures 


Standing Water 13 


a greater angle to the central beam than is light of shorter 
wavelength (e.g., blue light). 

Light reflected from the surface of water is mostly polarized. 
The way in which polarized light differs from ordinary light 
is often illustrated in textbooks by a simple analogy with oscil- 
lations along a rope. If you hold one end of a rope with the 
other end tied to something and wiggle it back and forth in 
any direction, the oscillations will travel along the rope in a 
way that illustrates the travel of water waves or light waves. 
The form of the wave travels from one end of the rope to the 
other, but the rope doesn’t go anywhere. If you wiggle your 
end of the rope sideways, sideways waves will travel down the 
rope; if you wiggle it from upper left to lower right, that will 
be the direction in which the waves oscillate along the rope. 

But now suppose that between you and the far (tied) end 
there is a picket fence through which the rope passes. Re- 
gardless of the nature of the oscillations you introduce at your 
end, only those oscillations parallel to the slot in the fence will 
get through. On the far side of the fence the oscillations will 
all be in the vertical plane; that is, they will be polarized. 
Polarized light is light whose oscillations are all in the same 
plane. In ordinary light the oscillations are every which way. 

When you are looking at light reflected from the surface 
of a body of water, the oscillations of the light waves run left 
and right in most of the light coming to your eye. (The physi- 
cist would say the electric vector of the electromagnetic radia- 
tion is parallel to the reflecting surface and perpendicular to 
the direction in which the beam is traveling.) If you have 
Polaroid glasses with you, you can test the reflected light for 
polarization by holding them in the path of the light and ro- 
tating them in their own plane (the plane of the paper in Fig. 
6). The glasses let light through only when it is oscillating 
in a particular direction, shown by the double-ended arrows 
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in Figure 6. They are made this way so as to cut out the hori- 
zontally oscillating light from horizontal reflecting surfaces. 
When the double-ended arrows are vertical there is no left- 
right component to their orientation at all, so none of the 
left-right oscillating light gets through. (Actually a little gets 
through because neither the Polaroid nor the water does a 
perfect job.) As you rotate them they come closer and closer 
to the left-right orientation and therefore let through more 
and more of the reflected light until, when the double-ended 
arrows are horizontal, you get maximum transmission. 

As you perform this experiment from the window of the air- 
plane, you may see colors. Further experimentation will con- 


Figure 6. Rotating Polaroid glasses in their own plane 
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vince you that the colors are associated with the window of 
the airplane. Light from the clear blue sky is also polarized, 
as you can tell by testing it with your Polaroid glasses. When 
the glasses are in the right orientation to let the least light 
through, the center of the window will look dark, but near 
the edges where it is clamped by its frame it may show colors. 
The reason for this is that although the unstrained plastic does 
not affect the direction of oscillation of light, strained plastic 
does, and the plastic of the windows is strained by being 
clamped. A bit of cellophane (often furnished on the plane 
as wrapping for crackers or cigarettes) held between the clear 
blue sky and your Polaroid glasses will also show colors. The 
effect is even more spectacular if the cellophane is held be- 
tween two pieces of Polaroid with their polarization directions 
at right angles to each other. The process of forming the 
cellophane sheet lines up the molecules in the cellophane just 
as the strain due to clamping lines them up at the edge of 
the plastic window. 

The uniform circular arrangement of colors observable in 
this way in the whole central part of some windows (Color 
Plate IV) and the manner in which the color rings shift with 
angle of view suggest that the effect may be due, not to in- 
homogeneous strain resulting from deformation of the window, 
but to the arrangement of long molecules in the plastic per- 
pendicular to the major surfaces of the window. In such 
windows, when one’s angle of sight is perpendicular to the 
window surfaces, one sees a centered dark bull’s eye surrounded 
by colored rings with the familiar interference-color sequence: 
yellow, red, blue, green, yellow, red, etc., as seen in all opti- 
cally uniaxial crystals viewed along the optic axis between 
crossed polarizers. ° 


See Plate V of Crystals and Light by Elizabeth A. Wood (Princeton, N.J., D. Van 
Nostrand Co., Inc., 1964). 
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When the plane climbs to regions of lower air pressure, the 
difference in pressure inside and outside must cause the 
windows to bulge a little. Then color, due to the strain, can 
be seen far out in the window, not just around the clamping 
screws. Sometimes such widespread strain is also observed in 
the windows when the plane is on the ground. 

The optical effects of strain in plastic have made possible 
the study of strain in all sorts of stressed structures. Models 
of the structures to be studied are made of a transparent variety 
of Bakelite or other plastic and placed between crossed polar- 
izers with a light behind them. When the stress is applied, 
the resulting light patterns show its effect on the structure 
(Plate II). 


Plate III. Stress pattern of a large Bakelite plate compressed by a Bakelite 
die, showing stress concentrations at ends of die 
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If you fly low enough over water to see the wakes of boats 
you will see how two sets of waves can cross each other and 
continue undisturbed on their way. This is one of the extraordi- 
nary properties of all kinds of waves: light waves, sound waves 
and water waves. How awkward it would be if it were other- 
wise! Opposite pairs of people at a table for four could not 
communicate simultaneously. And we could never see any- 
thing because of interference from the cross fire of light beams 
crossing the direction in which we were looking. 

Ripple tanks are tabletop boxes full of water used in labora- 
tories for the study of waves. As the example of crossing 
wakes shows, lakes are giant ripple tanks when viewed from 
the air and phenomena demonstrated in the laboratory can be 
seen in them. 

In some parts of some planes you may experience vibration. 
If so, you have a chance to observe beautiful wave phenomena 
in a very small ripple tank. Rest your cup of coffee on the 
arm of your chair. The vibration of the plane will set up 
standing waves on the surface of the coffee. The standing 
waves result from the interaction between the waves sent into 
the coffee by the vibration of the cup and the waves reflected 
back again into the coffee from the inside of the cup. Their 
pattern may remain the same for a few moments and then 
change as the vibrations of the plane change in response to 
air conditions and adjustments made by the crew. Place the 
cup so that it is in contact with the wall of the airplane and 
again observe the changing patterns as the pulse of the piane 
changes. 

What color is a lake? That depends in part on what has 
happened to the light that comes to your eye from the lake, 
and that, in turn, depends in part on the angle at which you 
are viewing its surface. In general the proportion of light 
reflected from the surface is less the more nearly you are look- 
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ing directly down into the lake. Lakes directly below you 
look dark because most of the light coming to your eye comes 
from below the surface, from the darker depths of the lake. 
Little light is reflected at such a steep angle, for most of it 
enters the lake. Table 1 shows the proportion of light that 
is reflected for various angles of incidence. The rest of it 
enters the lake. There it may be reflected from various ob- 
jects, and if it reaches our eyes it gives us information about 
them. Some of the light is “absorbed” by the water and the 
objects in the lake. Its energy is used to cause that small rapid 
motion of their constituent particles that we call thermal 
motion. The objects become warmer. 

If you fly over a large body of water, you will see how its 
color depends on the angle at which you view it. (See Plate 
VIII, for example.) Note how dark it is below you where the 


Table 1 
Proportion of incident light that is reflected 
from the flat surface of a lake 


Percent of light reflected 


Vibrating in plane Vibrating 
perpendicular to parallel to 
Incident angle, A water surface water surface 

0 2.0 2.0 
10 1.9 2.1 
20 17 2.5 
30 1.2 3.1 
40 0.5 4.3 
50 0.0 6.7 
60 0.1 11.5 
70 4.7 22.0 


80 23.9 45.7 
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angle of incidence is small and how it becomes lighter farther 
away as the angle becomes larger. Unless you are wearing 
polarizing glasses, the light reaching your eye comprises both 
the component vibrating parallel to the reflecting surface and 
that vibrating perpendicular to it. Compare your observations 
with Table 1. 

Some lakes have something in them in addition to water. 
Pollution of lakes by man, especially as a result of dumping 
into them waste products from industrial plants, is deplorable, 
but it adds interest to the view from the air. Red lakes, yel- 
low lakes and bright green lakes may result from this. The 
few glaciers that still exist on the North American continent 
are slowly but steadily grinding rocks together within their icy 
masses. When the ice melts, this “rock flour” gives the water 
an apple green color. The fine “rock flour” is white. Why 
don’t glacial lakes appear white? The light entering the lake 
passes through the water to the reflecting particles and back 
through the water again, ultimately reaching our eyes. Some 
of the light is absorbed by the water and this absorption is 
not the same for all colors (wavelengths) of light. Therefore, 
light that passes through an appreciable amount of water is 
colored. The absorption characteristics of water are such 
that the light that gets through best turns out to be greenish. 
The white-bottomed waters near coral islands or chalk cliffs 
look green, as do the waters of white-bottomed swimming 
pools. It is the combination of reflection of light from white 
rock particles and selective absorption of light by the water 
that gives the glacial lakes their milky-green appearance. 

Plate IV shows the contrast in appearance from the air be- 
tween clear water and muddy water. The large light-colored 
pond is a newly filled pond in which the silt has not yet had 
time to settle. (The man-made origin of the island is betrayed 
by its angular shape.) Light scattered from the fine particles 
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of silt makes the new lake look lighter from the air. In time 
the silt will settle and the large lake will become dark like 
the small lakes, but the streams will continue to bring silt and 
their steady contribution will be laid on the floor of the lake, 
gradually making it shallower. This “silting up” process is 
happening all the time in all lakes, whether natural or man- 
made. Sometimes you can see from the air just where the 
deposits are being laid down (Plate V). 

When a reservoir is made by damming a stream, the en- 
gineers can predict the rate at which it will become shallower 
from measurements of the amount of silt carried each year by 
the streams entering it. In some cases efforts are made to halt 
some of the silt upstream in small ponds made by damming 
tributaries to the main stream. The pond shown in Plate 


Plate IV. Two small lakes that have been standing for some time and a 
newly filled lake with fine silt still in suspension in the water 
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XXXIX is a silt-catching pond on a tributary to Stony Brook, 
near Princeton, New Jersey. Downstream is Carnegie Lake 
which will silt up more slowly because of this and other small 
ponds on its tributaries. 

In arid regions some lakes are white around the edges. 
They are not part of the vast network of connecting lakes and 
valleys through which, in humid regions, water moves ever 
onward and downward to the sea. They are in inland drain- 
age basins, receiving water whenever the streams around 
them flow into them, but giving up water only by evaporation. 
The arriving streams carry not only solid material in suspen- 
sion, but also dissolved material, material in solution. If you 
let a drop of seawater evaporate, the various salts in it come 
out of solution and stay behind. As the lake loses water by 
evaporation, the concentration of the water-soluble salts in it 


Plate V. Stream distributing silt in a dammed lake 


(a) 


(8) 
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Figure 7. Lake shapes 


a,b. Lakes due to damming by man f. Lakes along a young river 

c. Swimming pools g. Lakes in irregular glacial 

d. Lake occupying a glacial valley deposits 

e. Cirque lake or tarn.at the head h. An oxbow lake formed by an 
of a valley formerly occupied by abandoned river meander 


a glacier 
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increases. At the edges, where the water spreads thinly as 
it splashes against the shore, the evaporation is most rapid and 
a white crust forms. 

In the most arid regions such lakes are completely dry dur- 
ing much of the year. From the air, they still look like lakes, 
except that they happen to contain no water. 

What shape is a lake? That, of course, depends on how 
it got that way. If it has one edge that is a perfectly straight 
line, man dammed it. Here and almost everywhere in nature 
straight lines and apparently perfect circles are the work of 
man, though a lake in the crater of an extinct volcano, like 
Crater Lake, can be almost perfectly circular. Natural islands 
never have shapes like that in Plate IV. Figure 7 shows some 
lake shapes, and the caption identifies them. 

Geomorphologists, who, as their name implies, concern 
themselves with the earth’s form, have noticed that lakes tend 
to become round with time. Wave action shifts sediments 
along their shores, closing off the mouths of small bays which 
then get filled in by stream-borne sediments moving toward 
the lake. Promontories jutting out into the lake are more vul- 
nerable to wave attack than the straight shoreline and so tend 
to get worn away. Evidence of this rounding process may be 
detected from the air.° 

One place that lakes occur naturally is along the course of 
a “young” stream, a stream that has not yet worn down the 
humps and filled in the hollows in its stream bed as it will 
eventually do. Such lakes are shown in Figure 7f. 

The work of ice is responsible for many of our lakes. About 
30,000 years ago a vast sheet of ice covered part of the North 
American continent, flowing southward and westward from 

*Some especially clear cases are described by Professor A. N. Strahler of Columbia 


University in his book, A Geologist’s View of Cape Cod (New York, Natural History 
Press, 1966). 
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eastern Canada and always melting at its southern edge. (See 
Fig. 8.) Freezing fast to rocks of all sizes, tearing loose pieces 
of the bedrock, it moved slowly and powerfully across the 
land, scouring and grooving the surface as it went with the 
rock fragments frozen in the ice. Sharp hills became rounded 
by it, narrow valleys broadened. In such a broadened valley 
the long Lake Cayuga and its parallel sister lakes now lie. 
(See Fig. 7d.) 

As the ice moved, shearing motions within the sheet carried 
rocks upward into the sheet, even to the surface which in some 
places was as much as a thousand feet above the base. When 
this great blanket of ice melted, it left the landscape littered 
with the debris that it had contained, dropping it here and 
there in irregular piles and knobs among which rainwater now 
collects in irregular hollows as though in a bunch of kettles. 
This kind of topography is called “knob and kettle topogra- 
phy”; its many lakes are small and irregular as in Figure 7g. 

In the United States most airlines provide passengers with 
a fine map of the country. Open it and look at the distribution 
of lakes. Their abundance north of the Missouri River in the 
west and the Ohio River in the east is obvious. Compare the 
airline map with Figure 8. Together they show clearly the 
work of the ice sheet in disorganizing the orderly drainage of 
the land. 

While the continental ice sheet covered the northeastern 
United States, some of the mountains of the West had great 
sluggish rivers of ice, valley glaciers, or “alpine glaciers,” 
deepening and widening the steep valleys on their slopes. 
Though some of these still remain, some have melted away. 
At the head of such a valley, where the plucking action by 
the ice was greatest, you will see a little round lake filling the 
hollow caused by the quarrying action of the ice. (See Fig. 7e.) 
Down the valley there may be a succession of several little 
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lakes, dammed by the debris which the ice dropped in the val- 
ley as it melted back. Geologists call these Pater Noster lakes, 
because they are strung along the stream valley like beads on 
a rosary. 


Figure 8. The continental ice sheet 


Greenland 
ice sheet 


rentide ice sheet 
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These, like the lakes in Figure 7f, will be drained in time 
as the water running out of them wears away the obstruction 
that is retaining them. At the heads of streams new gullies 
work headward and a system of branching tributaries develops. 
When a stream is dammed, the lake fills these branching 
valleys and shows by its fingered shape (Fig. 7b) that it has 
drowned a river that had tributary streams. Such a shape 
gives away its origin to the eye of the airplane passenger, even 
when the straight line of the dam happens to be hidden from 
view. 


3. Coastlines 


IN THE SEa and large lakes the wave patterns can be especially 
interesting from the air. In these waves, as in those of the 
smaller lake, the water moves up and down in circular or 
slightly elliptical orbits, but not, of course, horizontally for- 
ward. If it did, waves would carry ships along with them at 
their speed of travel, which might be quite unfortunate as 
they neared the shore, however convenient we might find it 
in the open sea. Where the water becomes shallow near the 
land, there is not enough of it to fill out the form of the wave 
(Fig. 9) and the wave breaks. The water, hurled forward by 
the energy of the wave motion, moves up onto the beach, 
carrying with it sand and sometimes inexperienced bathers. 
Then it flows back into the sea, making a strong “undertow”’ 
current that every surf bather is familiar with. 

As they approach the beach, waves slow down; their speed 
is less in shallow water. From the air we can see the white 
lines of breaking waves crowding closer together near the 
beach as the faster waves catch up with the slower ones. 
When waves approach the shore diagonally, with their crests 
not parallel to the shoreline, the part of the wave reaching 
the shallow water first slows down first. As a result the whole 
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crest of the wave changes direction (Plate VI). This change 
in direction of waves due to change in velocity is known as 
refraction. We will encounter it again in the chapter on light. 
The fact that light exhibits the phenomenon of refraction is 
consistent with the view that it is wavelike in its behavior. 
BREAKING 

WAVE 


ADVANCING 
WAVEFORM 


HORE 


Figure 9. Wave motion and the breaking wave 


Even though refraction results in the water waves coming 
in more nearly parallel to the beach (Plate VJ), the parallelism 
is often not perfect. As the water from the breaking waves 
moves diagonally against the shore, it shifts sand along the 
shore. On rocky coasts this shifting sand gets lodged between 
the headlands in little crescent-shaped beaches, but on sandy 
coasts it gets dropped wherever currents meet each other, lose 
: deed of travel and consequently lose their power to carry 
their load. In this way spits and bars and hooks get built up 
where river water meets the current moving alongshore or 
where the sea meets itself because of the configuration of the 
land. 

Such structures, built beneath the water by the action of 
currents due to waves and also, to some extent, to the tides, 
eventually become exposed at low tide and their sand is piled 
into dunes by the action of the wind. In this way they grow 
to be part of the land that is permanently above water. From 
the air we can see not only those spits, bars, and hooks that 


Coastlines 29 


have “made it” and become dry land, but also those that are 
on their way. 


Plate VII shows the mouth of the Ausable River at the west 
shore of Lake Champlain where, century after century, it has 
been depositing in the lake what it has been removing from 
Ausable Chasm. It has built a delta, across which the distribu- 
taries now make their tortuous ways, still bringing more ma- 
terial which they must drop when they enter the lake, losing 


Plate VI. Wave refraction, San Miguel Island 


30 Science for the Airplane Passenger 


their velocity and their capacity to carry a load. From the 
air we can see where this is going on under water. Indeed 
the ridged deposits under water are hard to distinguish, in 
places, from the whiter sands exposed to the air. The lake- 
shore currents have swept the deposit from the two distribu- 
taries northward and southward along the shore. North of the 
northern distributary a white spit has been built northward, 


Plate VII. Underwater deposits at the mouth of the Ausable River, New 
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like a miniature Cape Cod, and beyond it an island with a 
connection to the spit under water, clearly visible from the 
air. 

As we saw in Chapter 2, our bird’s-eye view makes it possi- 
ble for us to see down into the water in a way we never can 
from land because of the higher proportion of reflected light 
at the lower viewing angle. In Plate VIII we are looking 
directly down on the water in the lower part of the picture 
and, as in Plate VII, can clearly distinguish the deeper, darker 
channel from the lighter shallows. The boaters need buoys 
to mark the channel for them since they are viewing it from 
a lower angle and these differences are masked by the light 
reflected from the water. In the upper part of the scene, we 
too are viewing the water at a lower angle and most of the 
light that reaches us is reflected from the surface, giving us 
no information about the depth of the water. 

This scene (Plate VIII) and that in Plate IX show the region 
behind an offshore bar. An offshore bar is a special sort of 
bar, built in a special way. It is thrown up by large waves 
breaking farther offshore than the little waves, lifting sand as 
they scrape bottom (Fig. 9) and piling it landward from where 
they picked it up until a ridge is built that stands above water 
at low tide. 

Such a bar shows clearly in Plate IX. It has attained some 
width and is partly covered with a dense growth of stunted 
trees. The mainland is to the right, out of the picture. Be- 
tween the mainland and the offshore bar there should be a 
bay or lagoon. What has happened to it? 

The streams entering the bay from the mainland carry, as 
moving streams always do, a load of sediment. When their 
velocity is checked as they enter still water, they lose their 
carrying power and drop their load. If the offshore bar were 
not there, the ocean currents would sweep it away, redistrib- 
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uting it along the coast, but the offshore bar creates a still bay 
and the sediments accumulate behind the bar, filling in the 
bay. 

The flat moth-eaten looking swampland filling most of the 
scene in Plate IX was formed in this way. It is new land and 
has not yet had time to establish a drainage pattern. There- 
fore it is poorly drained, with lakes and little ponds irregularly 
distributed. What few streams there are cannot cut down- 
ward, as most streams do, because cutting power depends on 
velocity and velocity depends on falling from higher land 
toward the sea. These poor streams start nearly at sea level. 
Indeed some of them are just connecting channels from one 
part of the bay to another and any movement of water through 
them results from the tides. 


Plate VIII. A busy bay 


Plate IX. Offshore bar with partly filled lagoon 
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If this newly formed land can be adequately drained, it may 
become habitable. In Plate VIII we can see (at the top of 
the picture) where man has made an effort to hurry this 
process by digging drainage ditches. The straight lines of 
these channels, in marked contrast to the naturally meander- 
ing ones, indicate that they are the work of man. 

Such coastal features as we have been looking down on 
occur where the land is low and stretches, gently sloping, to 
the sea and on out under the water. Such a coast has been 
uplifted from the sea. The sandy regions that are found far 
inland were formerly beneath the sea. The great slow changes 
of level that are taking place continuously, without our being 
conscious of what is going on, come to our attention only 
through the inescapable evidence that they have occurred. 

In some places the level of the land has been lowered rela- 
tive to sea level. The evidence is clear where we see a valley 
complete with its tributaries, filled with the sea which makes 
a bay with tributary arms, a shape often just like that of the 
dammed lake in Figure 7b. Parts of the land that were for- 
merly hills stand isolated as islands with their feet in the water. 
From the air we can imagine the water drained away, or the 
land uplifted so that the river flows again where it used to 
and the island becomes a hill with its lower slopes dry and 


grassy. 


4. Running Water 


IT IS THE BUSINESS of running water to wear away the land. 
It uses all the particles and pieces that it carries to grind 
more deeply the valleys in which it flows. Some rivers carry 
so much that they are colored brown by their muddy load. 
This may be because their steep descent gives them the neces- 
sary velocity to carry it and the area which they drain has 
much unconsolidated material available for transportation. 
The Colorado River is brown for these reasons. The Missis- 
sippi is not so swift, but it carries to the sea the contributions 
that many great rivers bring to it. It too is brown with its 
load. 

In some places a hard-working river is a tributary to one 
carrying less load or a less-loaded tributary joins a muddy 
main stream. From the air the murky brown waters of one 
contrast sharply with the clearer waters of the other, and we 
may sometimes follow the two for some distance downstream 
in the main river. Plate X shows the confluence of the 
Tennessee and Ohio Rivers at Paducah, Kentucky, where the 
clear, dark waters of the Tennessee River join the sediment- 
filled waters of the Ohio whose particles scatter the light. 
Figure 10 is a map of the area surrounding Paducah. By 
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examining what is upstream from their confluence, you will 
see the reason for the difference in the two rivers. Industrial 
contamination-can also color part of a river for a long way 
downstream from the source of the contamination. 

A river that is in the early stages of wearing down the 
region through which it flows is called a young river by the 
geologist, no matter how many thousands of years it has been 
there. Its banks are steep, its bed not yet smoothly graded 
(Fig. lla). It may have rapids in some places, perhaps even 
falls, and lakes in others. As it deepens its valley, the waters 
seeping and flowing into it from the sides cause the valley to 
broaden (Fig. 1lb). The river becomes an open-valleyed 
mature river with smoothly rounded divides separating it from 
other mature rivers some distance away on either side. In the 
maturing of a region, streams with more advantages, such as 
better water supply or steeper courses, eat into and capture 
the underprivileged streams, so that the region gradually 
develops fewer, larger streams. As a river nears old age its 
valley becomes very broad and flat indeed. Its work is just 
about done and its days of cutting down are over (Fig. I1c). 


Figure 10. Map of the region 
near Paducah, Kentucky 


Plate X. The confluence of the Tennessee and Ohio Rivers at Paducah, 
Kentucky 


Figure 11. 
Young, mature and old streams 
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Along with these changes in shape of the cross section of 
the valley, changes in the drainage pattern occur and it is 
these which we can see so well from the plane. When a 
stream is young its tributaries join it at sharp angles like the 
veins in a leaf (Fig. 1ld and Plates XI and XII). The rapids 
and lakes which show that it has not yet smoothed its bed may 
be conspicuous from the air. 

The broad flat divides between young streams are much 
used for farming. How does such land get drained? Look 
for the damp spots in the plowed fields (Plate XIII). In some 
they will be irregularly distributed, but in most they will form 
a pattern which approaches more or less closely a leaf-vein 
Plate XI. Dendritic drainage patterns, young region, Amado, Arizona 


40 Science for the Airplane Passenger 


or dendritic pattern, depending on how close the field is to 
an established stream. Far from the stream, the pattern has 
a salamander-like look. Nearer to the stream a true gully, a 
baby valley, develops. 

In built-up areas the residents sometimes fight with such a 
nascent stream, filling its little valley with truckloads of soil 
each year. But the farmer lives too close to nature to fight 
with her. If he is an old-fashioned farmer, not in touch with 


Plate XII. Young streams eating into the high plain south of La Paz, 
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the government’s soil conservation agencies, he may just let 
the gully grow headward into his field and plow around it. 
Otherwise he will find ways to lead the water across his field 
so that it benefits his crops as it goes. With terrace farming 
the water is inhibited from running down the slope by terraces 
that run across the slope, and there is a shallow, trench-like 
depression for the water to follow along each terrace. Where 
the rainfall is great enough so that some runoff from the field 
Plate XIII. Pattern of damp areas in a plowed field 
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must occur, grass-lined open conduits called “grass waterways’’ 
are provided and the interlocking roots of the grasses hold the 
soil against erosion. Watch for these green grass waterways 
crossing the brown plowed fields below you. Some can be 


seen in Plate XIV, most conspicuously in the upper left 
section. 


Plate XIV. Farmin 
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The headwaters of any stream are in little gullies that are 
only streams after a rain. From a plane you can watch for 
headwaters of streams by following a stream up its valley to 
the point where you no longer see running water. What lies 
beyond this? In wooded country you will lose the trail, but 
in open country you will see how the stream is growing 
headward (Plate XII) by little gullies that will be small 
streams in a few decades, rivers in a few centuries. 

Beyond these is the divide between the land drained by the 
stream you have been following and that drained by the next 
stream. In a young region the divide is a broad flat area. 
The observer in the plane is in a much better position to 
recognize it than the observer on the divide itself. You can 
see where the streams no longer flow toward the east, for 
example, and start to flow toward the west. How do you tell 
which way a stream is flowing? When the stream is young, 
it is easy to tell by the angle at which its tributaries join it 
(Fig. 11d). In more mature streams the tributary angle may 
be close to 90° and then this becomes an unreliable indication 
of direction of flow. If there is an obstruction in the stream — a 
big rock, a dam, an island — the turbulence it causes will of 
course appear downstream from the obstruction and so tell us 
the direction of flow. For the biggest rivers you may cheat 
by looking at a map. 

The mature river has a meandering course (Fig. lle). How 
does it get that way? Unlike the tumultuous, rushing young 
stream, the mature river flows in a more orderly fashion. 
The motion of the water will be faster in the center where 
it is not dragging against the sides and bottom of the channel. 
However, if there is a slight bend in the channel, the faster- 
moving water, following Newton’s first law, will continue in 
a straight line and run against the outside of the bend. This 
faster-moving water carries more sand and silt than slower 
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water can carry. Using these cutting tools, it wears away 
the bank on the outside of the bend, cutting a steep little 
cliff. Across the river, on the inside of the bend, the water 
farthest removed from the fast part slows down and must drop 
its load of sand or silt, building a gently sloping bank. Plate 
XV shows this process going on in the Missouri River in 
Montana. 

The swifter water on the outside of the bend is sent back 
toward the center of the river by the curved bank and continues 
on this course until it meets the opposite bank of the river 
farther downstream, cutting it back to form the outside of 
the next meander (Fig. lle). And so the meandering course 


Plate XV. The meandering Missouri River at Fort Benton, Montana 
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gets started. Once started, it gets more so; the water on the 
outside always cutting outward, the water on the inside always 
depositing more of its load to build the bank into the river. 

From the air you can often see crescent-shaped sand deposits 
on the insides of meanders. The steep bank of the outside 
of the meander may be harder to detect from the air, but 
in some cases it is marked by shrubs growing on it. 

As we have described it, this process of making meanders 
seems to be a self-intensifying process, a sort of chain reaction 
in which greater curvature results in more erosion of the bank, 
which results in greater curvature which results. ... And 
so it is. Eventually the curvature becomes so great that the 
river eats into its own valley, an event that is in imminent 
danger of occurring at A in Figure lle. When the break- 
through is made, the water takes advantage of the shortcut, 
abandoning its former meander. Such an abandoned meander 
is shown at B in Figure lle. Another name for it is an oxbow 
lake.° 

When you fly over a river in the advanced stages of maturity, 
every step in the remarkable process of meander formation 
is laid out for you to see. You can see, too, how man adapts 
to the shape of the river valley. The gently sloping bank 
of the inside of the meander, covered with the new (geologi- 
cally speaking) deposits brought by the river, is commonly 
used for farming. Many examples of this may be seen in 
western Pennsylvania. A railroad often follows the river be- 


* Albert Einstein became interested in meander formation and wrote a paper on 
it which was published in Naturwissenschaften in 1926. He suggested that sediments 
are shifted from one side of a meander to the other by forces generated in much 
the same way as those which shift tea leaves to the center of the bottom of the cup 
when the tea is stirred. For an interpretation of meander formation as the result 
of a tendency toward a uniform rate of expending energy along a river's length, see 
“River Meanders” by Leopold and Langbein in the June, 1966, issue of Scientific 
American. 
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cause the river had already established for it the graded slope 
that it needs. The problems of a railroad following a mean- 
dering river are very amusing. On the outside of the mean- 
der it is sorely pinched for space, but to cross to the inside of 
every bend means building costly bridges. So it does the best 
it can, sometimes huddling against the bank, sometimes giving 
up and bridging across to the opposite shore, and always short- 
cutting across the nearly level land on the inside of the 
meander. 

A mature river shifts its bed repeatedly, probably mostly 
during floodtime. Far from the present position of the water, 
you will see evidence of former channels. These may be as 
distinct as an oxbow lake or as subtle as a curved strip of 
vegetation that differs slightly in color or texture from that 
which surrounds it. In Plate XVI the most conspicuous evi- 
dence of change of river bed is the dark oxbow lake. Here 
again the dark waters of the still lake contrast with the lighter 
waters of the Kogosukruk River. The outside banks of some 
of the meanders show their steepness by the presence of little 
gullies. Where these gully scars are far back from the present 
river they are evidence of an earlier position of the river bank. 
Curving rows of dark rectangular patches also mark former 
beds of the river. These are low spots, wetter than the light- 
colored ground, which owe their geometrical design to the 
action of ice in the ground during the long Alaskan winter. 
When the picture was taken the ice had melted, leaving water 
in the ice-formed depressions. 

In some cases the limits of the wanderings of a river are 
clearly marked by banks that are the boundaries of the valley 
floor (Fig. 11f). You will detect them by the change in 


Plate XVI. Abandoned meander in the valley of the Kogosukmik River, 
Alaska 
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character of the vegetation, or by the beginning of vegetation 
if the valley floor is bare. 

Before a river becomes old, it may be rejuvenated. If 
something happens so that the waters of the river flow more 
swiftly again and can use their increased burden of sediment 
to wear the valley floor more deeply, the river will again 
wear a steep-sided valley, as it did in its youth. This happens 
whenever the level of the body of water into which the river 
empties becomes lower relative to the land. Such gradual 
changes of the relative elevations of land and water are going 
on all the time without our noticing them. We saw evidence 
of them in the drowned and uplifted seacoasts of Chapter 
3. Ifthe river was already mature enough to have a meander- 
ing course before it became rejuvenated, its renewed cutting 


Plate XVII. Entrenched meanders of the Little Colorado River near 
Cameron, Arizona 
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will take place right in that meandering valley and the mean- 
ders will become entrenched as the vigorous river cuts its 
steep-sided valley (Plate XVII). The tributary streams, less 
well supplied with water than the main river, may not be 
able to cut their valleys as rapidly as the river can and may 
dump their water into the main valley from high on its banks, 
in thin waterfalls. 

There are very few old rivers. In the United States the 
lower stretches of the Mississippi can, however, qualify for 
this title. Many miles from its present position you can see 
evidences of its former channels. Where it enters the Gulf 
of Mexico, it lays down its burden, building a great delta 
with the sediment it has carried. Its own waters, blocked 
by this great mass of debris, find their way to the Gulf as 


Plate XVIII. Part of the delta of the Mississippi River 
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best they can in a system of distributaries, each carrying a 
little of the load (that keeps inexorably coming from upstream) 
on farther out into the Gulf. Plate XVIII shows part of the 
delta of the Mississippi River with its distributaries bordered 
by the marshland made of their own deposits. In the Gulf 
of Mexico at the right we can again see the power of the 
bird’s-eye view for detecting underwater topography. Most 
of the land shown in this picture has been formed since 1900. 
It is fortunate for Lake Champlain that the Ausable River 
(Plate VII) builds its delta more slowly. 

The old river is not the only river that gets choked by its 
own deposits. Mature rivers to which tributaries contribute 
too generously their collections from easily eroded regions 
may find themselves broken up into a network of small streams 
which wander here and there over the deposits that the river 


Plate XIX. The braided Platte River 
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could carry only in flood times. It is not hard to see from the 
air why such a river is called a braided river. The Platte 
River is braided for much of its long length (Plate XIX). 

In mountainous arid regions a stream may have a sort of 
dry delta that is known as an alluvial fan. Its fanlike shape 
is best seen from the air (Plate XX). In arid climates there 
is much less chemical decomposition of the rock than there 
is in humid climates. The rock is not transformed into that 
fine mixture of decomposition products which, with the addi- 
tion of humus, forms the soil of humid regions. Instead, the 
disintegration progresses only far enough to result in crumbling 
of the solid rock into coarse angular fragments. 

These crumbled bits of rock accumulate on the hillsides 
until the rare event of a rainstorm comes to pass. The sudden 
rivers that result rush down the steep slopes, heavily laden 


Plate XX. An alluvial fan 
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with the coarse debris that was so easily picked up. At the 
foot of the hills this load is added to the great accumulation 
of loosely piled deposits from previous flash floods as the river 
water slackens its speed and settles into the porous dry stuff 
on the valley floor. 

In such regions the bare rock mountains rise from a sea of 
deposits from their own disintegration (Plate XXI). If some 
part of a mountain is made of a rock of distinctive color, 
you may be able to see, at the foot of the mountain, spreading 
out onto the valley floor, a stain of the same color where 
the inadequate stream dumped it within sight of its source. 


Plate XXI. Mountains standing in a sea of deposits from their own disin- 
tegration 
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Some streams look white from the air. In arid regions this 
may be due to deposits of various salts as at the edge of a 
lake. Indeed a large river bed may be dry and caked with 
such deposits in midsummer. Aside from this, what would 
make a stream look white? When ocean waves break, the 
water looks white. Why? 

A flat, calm body of water acts as a mirror, reflecting light 
brightly to the eye of the observer only when it arrives at 
the appropriate angle, as we have seen in Chapter 2. When 
a wave breaks, the once continuous body of water breaks up 
into millions of little droplets, each a sphere or blob of water, 
separated from the surrounding air by a surface oriented in 
all directions. These droplets can reflect light from anywhere 
to anywhere. They scatter any light that comes to them in 
all directions, one of which happens to be toward you. 

One way, then, in which a stream may look white from 
the air is for it to be a tumbling, frothing mountain stream 
in which the water is fragmented into millions of droplets, 
like that of a breaking wave. A group of white flecks on 
a river may indicate rapids. These are likely to occur where 
the river crosses those rock layers that are more resistant to 
erosion (Plate XXXII). 

In winter a stream may freeze if it is not flowing too swiftly 
to give the ice a chance to form without being broken up. 
If the ice forms in disorderly masses, as it may on a fast-moving 
stream, it will look white from the air. Winter streams some- 
times show white borders where the water that moves less 
swiftly has frozen. 

Larger slower rivers and lakes may become completely 
ice-covered. When newly formed, such ice is clear and, look- 
ing down on it from the plane, we see the dark depths of 
the lake through it. When changes in temperature cause 
expansion and contraction of the ice, cracks result. These 
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cracks appear as white lines across the dark ice which tells 
us that many surfaces of small ice crystals are scattering the 
light, as in the case of the water droplets. Snow caught in 
the crack would look like this, but if the rest of the lake is 
free of snow, the small crystals may have formed when the 
crack first opened and the water that had been insulated 
beneath the ice was exposed to the very cold night air. Under 
such conditions many very small crystals would form quickly. 
Probably most white patterns on dark lakes are due to a com- 
bination of rapid crystallization of ice and piling up of blown 
snow. 

When snow falls on the ice that covers rivers and lakes, 
these bodies become white patches on the airplane passenger’s 
landscape and may remain so when the snow on the land 
has largely disappeared. 

A lake that is part white and part dark, like that in Plate 
XXII, tells a story of a succession of events. White snow 
lying on old ice covers part of the lake, but new dark ice 
has formed over a part of the lake that must have been open 
water during or after the snowfall. The little bays and the 
water near promontories are shallower and are covered by 
the old ice and snow. 

Ice is a good insulator; it does not conduct heat well. A 
layer of ice on the surface of a river or lake reduces the rate 
at which heat is lost to the cold clear sky above and the ice 
layer grows thicker very slowly as a result. Most substances 
are denser in the solid state than they are in the liquid state: 
a given volume of the solid substance weighs more than the 
same volume of the substance in liquid form. How fortunate 
it is that the reverse is true of water! If it were not so the 
ice would sink to the bottom as it formed and entire lakes 
might freeze solid, exterminating their inhabitants. 


Plate XXII. A frozen lake 
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Where snow stands long on the mountains, lasting through 
the summer and on into the following winter, it recrystallizes 
at the bottom into compact masses of ice. As a thick mass 
of ice accumulates, it begins to flow downward under the 
influence of gravity. The ice extends into the stream-carved 
valleys, freezing fast to rocks along their sides. As it continues 
to flow it plucks away the rocks from the banks of the valley, 
giving the valley a U-shaped cross section unlike that produced 
by river work alone. Such a river of ice is a glacier. As 
it grows in length, always fed by the accumulating snow high 
on the mountain, it becomes dark and dirty with debris called 


Plate XXIII. Alaskan glaciers 
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moraine. At its sides, where it is acquiring material from 
the valley wall, a lateral moraine forms. Where two valley 
glaciers join to form one, their lateral moraines join to form 
a medial moraine. These evidences of glacial action can best 
be seen from the air. Plate XXIII shows the confluence of 
two Alaskan glaciers with the formation of a medial moraine. 
Many little streams tumble down the steep banks to bring 
water-borne sediments to the edge of the glacier. At the 
right a little river runs along the edge of the ice, dumping 
its load in a fan-shaped deposit where the speed of the water 
is checked at the end of the ice. 

The smoothly rounded end of the glacier has a bite taken 
out of it where masses of the ice have broken off and floated 
away as icebergs in the lake. The sharp cliff left by the break 
casts a black shadow on the water. 

To the left of the main glacier is the white tongue of a 
smaller glacier flowing down from the high peaks farther to 
the left. Note the faint curved bands of moraine on its sur- 
face. These show that the ice in the center moves ahead 
faster than the ice that drags against the sides of the valley. 
Such motion may be less than a foot a year near the sides 
and perhaps two or three feet a year in the center. This 
does not mean that the tip of the tongue is approaching the 
main glacier at this rate, because it may be melting away 
as fast as or faster than it is proceeding forward. Frothing 
white rushing streams run out from the tip of the white tongue 
of ice and flow down the steep slope to the main glacier. 
These streams are too small to carry the largest rocks that 
the ice has carried in its frozen solid mass so these accumulate 
at the end of the melting ice, forming a terminal moraine which 
can be seen at the tip of the small white glacier. 

If you stood on the surface of the glacier you could break 
off pieces of ice from it with a hammer. They would be 
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as brittle as the ice cubes in your refrigerator. From the 
air we see abundant evidence that this brittle substance has 
been plastically deformed, changed in shape, as it moved down 
the valley over a long period of time. In Chapter 10 we will 
see that the hard rocks of which the earth’s crust is made 
have also been deformed without breaking. But it takes time. 


5. Light 


JusT BEFORE YOU TAKE OFF, a glance at the top surfaces 
of the plane’s wings would convince you that they were silver- 
colored, brightly metallic or even whitish in appearance. 
As you climb to 30,000 feet or more, look again. You will 
find that they have become a dull, sooty dark gray. How 
does this happen? 

The light that was reflected to your eyes from the wings 
when you were on the ground came through the lower atmos- 
phere. The lower atmosphere is full of tiny particles of dust 
and sometimes water which scatter the light just as the water 
particles in a breaking wave do. It is the scattered white 
light from this lower-atmosphere haze that is reflected to your 
eyes by the wings when the plane is on the ground. When 
the plane has climbed above this haze, the top surfaces of 
the wings “see” only the clear, clean very dark blue sky (look 
up at it from the plane!) and they look dark. Why don't 
they look dark blue, like the sky? They would if they reflected 
as a mirror reflects, showing you the sky above. Apparently 
the fact that the surface is not mirror-smooth has to account 
for the color not being blue. The fine-textured roughness 
of the wing surface must scatter the blue light in all directions 
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and only a small portion of it reaches your eye. This is an 
inadequate hypothesis to explain the total lack of blue color, 
but it is a step in the right direction. 

Why is the sky blue? It is an old question and a favorite 
in school science classes although it is not an easy question 
to answer. Old textbooks tell you that it is blue because the 
fine particles of dust and moisture in the air scatter the blue 
(shorter wavelength) light more effectively than they scatter 
the redder (longer wavelength) light, but physicists have found 
that light-scattering by the air molecules themselves accounts 
for the hue and intensity of the blue of the sky, whereas scat- 
tering by particles larger than molecules detracts from the 
blue color and gives the sky a milky appearance. 

Compare the color of the land directly below you with 
that of the farthest hills. The preferential scattering of blue 
light by the air makes the distant mountains look quite blue 
because the light reaching our eyes comes not only from the 
mountains, but also from the blue-scattering air that lies 
between. Light falling from above onto the air contributes 
scattered blue light to all the rays that reach you from distant 
objects. 

When you fly at night, especially if it is a hazy night, 
compare the color of the lights directly below you with that 
of the farthest lights that you can see. The sprawling bright 
spider webs of lights below you are yellow-white, while the 
flat little pancakes of lighted towns in the distance are reddish. 
Since red and blue are at opposite ends of the visible spectrum, 
this daytime-nighttime comparison seems at first to constitute 
a strange and contradictory pair of observations. The clue 
to the explanation lies in a simple experiment which is so 
rewarding that everyone should try it. 

For this experiment you need a drinking glass full of water 
to which a few drops of milk have been added. First look 
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at it with the light coming from the side. With your side 
toward the window, hold the glass straight in front of you, 
about at eye level. The milky water looks bluish. Next turn 
and lock toward the light through the milky water. It changes 
to pale orange color! 

In both the milky water and the atmosphere the very small 
drifting particles scatter the short-wavelength blue light more 
effectively than they do light of longer wavelengths. The 
distant lights on the ground send out the same light as those 
directly below you. The wavelengths of the rays emitted 
constitute a continuous range from the short-wavelength violet 
and blue through green and yellow to the longer-wavelength 
orange and red. But all the way from the distant light-source 
to you the shorter-wavelength light is being scattered in all 
directions more than the longer-wavelength light is, so that 
there is less blue color and more red color in the beam by 
the time it reaches you. Of course this is also happening 
to the near lights, but their light travels a shorter distance 
and loses less blue. 

If you are flying in the bright white sunlight above a bluish 
haze that obscures the land below you, you may suddenly 
see the reflection of the sun in a body of water and find that 
its color is the rich red gold of the setting sun. The reflected 
light has traveled down through the blue-scattering haze and 
back through the blue-scattering haze again to your eye. 
Thus impoverished in the bluer light, the light that reaches 
your eye is rich in red and gold. To duplicate this effect 
with the milky water, put a shiny spoon in the glass. As 
you look at the blue milky water, lighted from the side, the 
bow] of the spoon will shine with a ruddy light. 

In explaining the change in color of the wings, we said 
that the scattered light from the atmosphere near the ground 
was white. Now we are saying that most of the scattered 
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light is blue. The color of scattered light depends on the 
size of the particles that scatter it. Smoke curling up from 
the lighted tip of a cigarette scatters blue light predominantly 
because of its very small particles. Cigarette smoke that has 
been held in the mouth looks yellowish white when it is 
exhaled. The particles have become coated with water mole- 
cules and are too large to scatter mostly blue light. 

The whitish scattered light that is nearly always part of 
the ground illumination comes from tiny water droplets and 
dust particles. Even the bluest sky looks whitish near the 
horizon because there the light travels to your eye through 
more of the dust-filled lower atmosphere. 

In Chapter 2, in discussing the polarization of light reflected 
by water, we came upon the observation that light from the 
sky is polarized. Nowhere can we see this so well as from 
a high-flying plane, when we are above the dust and haze which 
scatter the light repeatedly, destroying its polarization. Some 
experimenting with polarizing glasses will convince you that 
the polarization of the sky’s light is greatest when you are 
looking in a direction 90° from the sun’s rays (Fig. 12). The 
direction of vibration (electric vector) of the light is as it would 
be if the light were being reflected from many little reflecting 
planes, that is, it is perpendicular to the plane in which the 
ray travels from the sun to the sky to your eye (perpendicular 
to the paper in Figure 12). Test this yourself. 

When you look at the sky with your polarizing glasses 
in the proper position to let through the minimum amount 
of the sky’s polarized light, the clouds stand out in bold con- 
trast. Clearly the light from them is not polarized. What 
about the finer blue-scattering haze? Does it behave more 
as the blue sky does or more as the clouds do? 

The light scattered by the haze is indeed polarized, as 
you can verify by looking through haze at the ground, using 
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your polarizing glasses oriented in various positions. This 
is why photographers use a properly oriented polarizing filter 
to “cut the haze” for distant shots. For cloud photography, 
such a filter, oriented so as to give the darkest sky, provides 
maximum contrast between the clouds and the sky. 

This is probably a good place to discuss some of the problems 
that arise for photographers who wish to take pictures from 
the airplane. The first problem is the choice of a seat. 
The sunny side offers an opportunity to photograph bright 
reflections from water, but the sun highlights all the scratches 
and dirt on the windows and may cause a bright reflection 
of your camera in the window as well. On the side away 
from the sun, the window will cause you much less trouble 


Figure 12. Location of maximum polarization of skylight 
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unless it is very dirty. (Some airlines keep their windows 
clean and some do not.) Furthermore, the shady side gives 
you an opportunity to photograph the splendid shadow and 
glory effects discussed later in this chapter. 

A seat ahead of the wing gives you the best view, but 
if you do not travel first class, as I do not, this may be difficult 
to manage. If the wings are swept sharply back, a seat very 
near the front edge of the wing is entirely satisfactory, but 
it is not good in a propeller plane unless you want to take 
pictures through the propeller. 

If you sit just behind the wing in a plane in which the 
motors are wing-mounted, you may be looking at the view 
through the mass of gases that pour out from the exhaust 
pipes. That view will be blurred. The light rays from the 
distant objects are bent as they pass from the cooler air into 
the hot gases, bent again as they pass into the cooler air 
and on through the window to you. 

The bending of light in this way is like the change in orienta- 
tion of the wave crests shown in Plate VI and discussed in 
Chapter 3. It is known as refraction, and the behavior of 
any substance in this respect is measured by its refractive 
index or index of refraction. If the refractive index of one 
substance differs greatly from that of another, the light will 
be more sharply bent at the boundary between the two than 
it would have been if their refractive indices were more closely 
matched. The index of refraction of the hot gases is different 
from that of the cool air, just as it is above a hot toaster 
or a radiator or even a paved road on a very hot day. At 
the boundaries between the denser, cooler air and the less 
dense, hotter air the light beams change direction slightly. 
Since these boundaries are constantly shifting as the gases 
mingle, the light paths are constantly shifting, and so the 
image you observe wavers and wobbles and blurs. 
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In a plane with wing-mounted motors, therefore, the pho- 
tographer would do well to sit as far back from the wings 
as possible when he cannot sit ahead of them. 

If, on arriving at your carefully chosen seat, you find that 
the inside of the outer windowpane is clouded with condensed 
moisture, do not despair. It will probably go away when you 
are in the air. The reason for this is discussed in Chapter 6. 

You will get the best ground photographs while you are 
still less than a mile up. Except on unusually clear days 
or in desert regions, so much light is scattered by the haze 
in the lower atmosphere that hazy photographs result. What 
about the use of a polarizing filter to “cut the haze” as just 
described? In most windows, the strain or structure of the 
plastic, discussed in Chapter 2, is such that the window will 
contribute color bands to any picture taken with a polarizing 
filter. If you like the added color, then you have no problem. 

There is yet another way to reduce the haze problem. 
A filter that has a yellowish tint will selectively reduce the 
amount of blue light passing through it. Such filters can 
also be made so as to absorb the scattered ultraviolet light 
as well which, though invisible to the eye, is recorded by 
the film. A number of filters of this type are made. For 
color photography from the air, Eastman Kodak recommends 
Skylight Filter, Type 1A; for black and white pictures there 
is a series of three filters, given here in order of increasing 
absorption of a short-wavelength radiation (blue-violet end 
of the spectrum): K2, G, A. 

When conditions are good for cloud photography you may 
often find that the light intensity is very high. You must 
believe the reading on your exposure meter. The results 
can be spectacular. However, when photographing the 
ground, give more exposure than your sky-influenced meter 
indicates. 
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The blurring of images by the exhaust gases was mentioned 
as a nuisance to photographers. The shifting of light paths 
due to mingling gases of different densities is also responsible 
for the twinkling of the stars and of distant lights. From 
the ground, on a still, clear night, the stars straight above 
you may hardly twinkle at all. The stars near the horizon, 
however, are nearly always twinkling because the light from 
them comes to us slantwise through the atmosphere, passing 
through so much air that it is sure to encounter unevenly 
heated regions with shifting boundaries between warmer and 
cooler air. 

From our airborne observation post, flying at night, we 
are far from being still observers. This alone may result 
in such variability in the light path to us from some ground 
light that it twinkles, but, as in the case of the stars, the 
lights near the horizon are likely to twinkle more. 

Above us we see the stars through the relatively homoge- 
neous thin air of the stratosphere. Do they still twinkle? 
Perhaps the old nursery rhyme needs to be brought up to 
date. 


Steady, steady, little star, 

What a constant lamp you are! 
Far below, each man-made light 
Twinkles up at me, in flight. 


Just after takeoff, the shadow of the plane shows its shape 
clearly. As we climb higher the shape of the shadow changes 
and finally, just before we lose it altogether, it is circular! 
This is a phenomenon familiar to you in another form. When 
the sun shines through the leaves of a tree the spots of light 
that dapple the ground are all elliptical. The beams, whose 
cross sections are circular, meet the ground at an angle and 
sprawl into ellipses of light. The openings in the tree through 
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which these beams of light come are irregular in shape, but 
small. They act as pinholes because they are small compared 
to their distance from the ground and each produces an image 
of the sun as any pinhole will do. You can reproduce the 
effect by cutting a small irregular hole in a large piece of 
cardboard and, using a round bare frosted light bulb as a 
light source, observe the image cast onto white paper held 
at various distances. The results are even better if you use 
the sun itself. You will see its circular image whenever you 
have a small irregular opening in a large area that is obstructing 
the sun’s light. 

Your plane is just the same, but opposite: a small irregular 
obstruction in a large space that is not obstructing the sun’s 
light. From each point on the circular sun, light casts a 
shadow of the airplane. A light beam from one rim of the 
sun makes an angle of about half a degree with a light beam 
from the other rim of the sun. Therefore the shadow cast 
by light from the left rim does not coincide exactly with 
the shadow cast by light from the right rim. When the air- 
plane is close to its shadow — that is, close to the ground — the 
half-degree difference in the direction of the beams results 
in an imperceptible displacement of the shadow. However, 
when the plane is far from the ground, shadows cast by rays 
half a degree apart will no longer approximately coincide. 
There will not be separate shadows, because light is not just 
coming from the two points on opposite sides of the sun, 
but from an infinite number of points over the whole round 
sun. The spot is made up of an infinite number of shadows, 
the outermost ones, all around the rim, being made by the 
outermost sources of light around the rim of the sun. Only 
where all the shadows overlap will the shadow be dark. 
This composite shadow is circular because the sun is circular. 
If you are ever so fortunate as to be in an airplane that is 
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taking off during a solar eclipse, watch for a circular shadow 
with a bite taken out of it! 

As you watch the dwindling shadow of the plane you may 
find that it is surrounded by a brighter region and eventually 
the shadow may give place to a small bright spot! This 
is best seen when the shadow of the plane passes over grassy 
fields or over clouds and is probably the Heiligenschein 
described by Minnaert® as visible around the shadow of a 
balloon. He shows a photograph of it around the shadow 
of the head of the photographer cast by the early morning 
sun onto dewy grass. According to Minnaert, “the sun illumi- 
nates most of the stalks [or droplets] through the spaces be- 
tween the foremost rows; anyone looking more or less in 
the direction of the sun’s rays will see all the small illuminated 
surfaces; if he looks more sideways he will see many blades 
[or droplets] in the shade, the average brightness, therefore, 
being less.” 

When you fly above a cloud layer, even a thin one, the 
occupation of watching the plane’s shadow can be filled with 
exciting variations. As the character and distance of the 
clouds below you change, the bright spot turns to a shadow 
and back to a bright spot again. Suddenly a very near cloud 
shows a large shadow of the plane, with every detail of its 
outline sharply visible. Then the reflecting surface falls away 
and perhaps neither shadow nor bright spot can be seen. 
The most spectacular event in the course of this occupation 
is the appearance of a glory. A glory is a rainbow-like ring 
completely encircling the shadow of the plane, or the place 
where the shadow would be if there were one. Having learned 
how to look for one, I now see it on nearly every plane trip 
when I sit on the shady side of the plane. You first notice 


°M. Minnaert, The Nature of Light and Colour in the Open Air. (New York, Dover 
Publications, Inc., 1954). 
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a pinkish tinge to some of the clouds, especially those clouds 
drifting in thin veils above a lower solid-looking layer. Then 
you become aware that the color is arc-shaped and finally 
you see the whole rose-colored circle, perhaps with a tinge 
of blue on the inside. 

Under very favorable conditions you will see a double 
glory! A second colored ring partly or completely surrcunds 
the first. If you are familiar with double rainbows, you will 
notice an important difference between a double glory and 
a double rainbow. In a double rainbow, the sequence of 
colors in the outer bow is the reverse of that in the inner 
bow so that the two red bands face each other, one on the 
outer side of the inner bow, the other on the inner side of 
the outer bow. In the double glory, however, the sequence 
in both rings is the same, with red always on the outside. 

If the cloud layer producing the glory is near enough, 
you will see the shadow of the plane in the center of the 
glory, more or less definite in shape, according to your distance 
from the clouds. If you are fortunate enough to be watching 
a glory as the plane starts its descent, you will see the shadow 
of the plane get larger and larger until it fills the whole 
ring of the glory. What happens then? It keeps on growing 
and you see that the center of the glory is determined, not 
by the plane, but by you. Wherever you are sitting in the 
plane, the glory will be centered around that point in the 
shadow that marks your position. 

Color Plate I, on the inside front cover, is a photograph of 
a glory taken from a seat just behind the wing. The cloud 
causing the glory is close and the shadow of the plane looms 
large. The center of the glory shows my location as I took 
the picture. Where the shadow of the wing joins the shadow 
of the body, part of the central bright spot shows where 
the sun’s rays are reflected straight back to the camera. 
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Long before man flew airplanes he saw his shadow on 
the mountain mists when he climbed to high places. In 
the late eighteenth century, climbers in the Harz Mountains 
noticed this especially when they stood on top of the highest 
mountain in northern Germany, the Brocken. The dark figure 
outlined on the mountain mist may have had a glory around 
its head, or at least a Heiligenschein, and seemed like a 
ghost to the mountaineer who saw it. Because of this it 
was named the “Specter of the Brocken.” 

The center of the glory is the point where a line drawn 
from the sun through your head meets the cloud. The rays 
of colored light from the glory circle to your eye form a 
cone of rays, with your eye at the apex of the cone. All 
this is also true of a rainbow, but, as we shall see later, the 
angle of the cone of the rainbow is always the same (Figs. 
13 and 14), whereas that of the glory is not. The angle 
of the glory varies inversely with the size of the droplets 
causing it. If they are large, the glory circle is small (that 
is, the angle of the cone is small). Indeed, you may sometimes 
see one part of a glory bulge or shrink a bit as a cloud with 
finer or coarser droplets takes part in its formation. The 
glory will be sharpest when the droplets are uniform in size. 
The sequence of colors and the dependence on droplet size 
that characterize the glory show that it is a diffraction phe- 
nomenon, resulting from constructive and destructive interfer- 
ence among the light waves.” 

Watching shadow and glory phenomena from a plane 
is an occupation filled with suspense and sudden rewards. 

°Early attempts to understand the glory failed because it was thought that its angular 
size was related to the droplet size by the simple diffraction equation. Research has 
shown that this is not so. For an up-to-date discussion of this, see Introduction to 
Physical Meteorology by Hans Neuberger, published in 1965 by the Continuing Edu- 


cation Division, The Pennsylvania State University Press, University Park, Pennsyl- 
vania. 
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As more people find out about this, the window seats on 
the shady side of the plane will become increasingly hard 
to get. 

Some optical phenomena require such special conditions 
for their observation that they are only rarely seen. “But,” 
as Shakespeare had Prince Hal say of holidays in King Henry 
IV, “when they seldom come, they wish’d for come, and 
nothing pleaseth but rare accidents.” 

Once I saw a very clear effect at the leading curved edge 
of the wing due to the difference in index of refraction between 
a layer of air close to the wing and the air farther out. 
A straight road below me appeared to bend sharply an inch 
or two in front of the wing. As we passed over the various 
roads and houses every image would have a sharp bend in 
it when I saw it through that region of air just ahead of 
the wing. My current hypothesis is that I was observing 
the effect of the boundary between the thinner air passing 
close over the curved surface of the wing (Fig. 1) and the 
denser air farther from the wing. 

A friend of mine has described to me a phenomenon which 
I have never seen, but which he assures me can often be 
seen, once you know how to look for it. The fastest passenger 
airplanes travel at speeds close to, but just less than, the 
speed of sound. This means that the speed of air moving 
past the plane is close to that of sound in that air at that 
temperature. Over the top of the wing, however, the air 
is moving a little faster, relative to the plane (Fig. 1) and 
can attain the speed of sound. To put it another way, part 
of the surface of the wing is moving at the speed of sound 
relative to the immediately neighboring air. 

According to my informer, who is a competent scientist 
and careful observer, this results in a density discontinuity 
and therefore an index-of-refraction discontinuity which can 
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be seen in the following manner. If the sun is shining onto 
the wing from behind you, the deflection of its rays because 
of the discontinuity in index of refraction produces a clearly 
defined line of shadow along the wing, parallel to its long 
edges. Because of the nature of the air flow over the wing, 
this line of shadow commonly branches near the outer tip 
of the wing. If the plane tips or changes its orientation 
slightly the pattern may break up and disappear, only to 
form again when the plane reestablishes its course and speed. 

A rainbow seen from the ground as we stand with our 
backs to the sun (or to the moon) is a splendid sight, but 
it is incomplete. Only when we look down on it can we 
see the whole rainbow. Each ray of light that comes to 
our eyes from the rainbow has entered a drop of water in 
the air, been reflected from its far side and come back out 
again. It is bent or refracted on entering and leaving the 
drop and the different colors of light are refracted differently. 
In other words, the index of refraction of water varies with 
the wavelengths of the refracted light, as does that of many 
other substances. 

The geometry is such that for each ray of refracted light 
there is an angle at which its intensity is a maximum. The 
analysis is not simple since the result cannot be achieved 
by considering the path of a single ray, but the effect is 
understood. For red light, on the outside of the bow, the 
angle of maximum intensity is about 42°. The “returning” 
rays make an angle of 42° with the entering rays from the 
sun. In Figure 13 the straight dashed line represents that 
particular ray from the sun that would go right through the 
man’s head if he didn’t stop it, and its extension in a straight 
line on the other side of him to the antisolar point, the point 
opposite the sun, the “shadow point’ of the observer’s head. 
The red rays of the rainbow that come to the man’s eye 
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make an angle of 42° with this line because it is parallel 
with the ray from the sun that entered the drop of water. 
Everywhere at 42° to this line, the man sees red rays from 
water drops. Rays of other colors, at smaller angles to this 
line, lie inside the red. These rays come from other drops. 
It is as though the rays followed the surface of a cone whose 
apex was at the man’s eye and whose axis was the line con- 
necting the sun and the antisolar point. As the sun falls 
lower in the sky, the rainbow rises higher, but only part 
of the cone will be above ground. He can never see the 
whole rainbow unless he is above it. 

Figure 14 shows the same 42° cone along which the rainbow 
rays travel to the observer’s eye, but here the observer has 


Figure 13. The rainbow, seen from the ground 
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sunbeams passing below him as well as above him. He can 
see the lower part of the rainbow as well as the upper part; 
for him the rainbow is a full circle. 

Since every ray of the rainbow comes to the eye of the 
observer by reflection from the back surface of a water drop, 
what would you expect about its state of polarization? If 
you keep a piece of polarizing film (or polarizing glasses) 
with you during the rainbow season you can determine for 
yourself whether your expectation is fulfilled. The results 
of this experiment may surprise you. 


Figure 14, The rainbow, seen from the air 
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Rings of light around the sun or moon are called halos. 
When high, wispy clouds come between you and the sun 
or moon you may see a halo with a radius of 22°. These 
clouds are made of very small ice crystals drifting in the 
upper atmosphere and the halo results when rays of light 
from the sun or moon pass through the crystals and are bent 
because the index of refraction of the crystal is greater than 
that of air. The ice crystal is built up by the orderly arrange- 
ment of water molecules, layer upon layer, closely bonded 
together to form a solid. Because of this orderliness it has 
a definite shape and is bounded by plane surfaces meeting 
at definite angles determined by the arrangement of the water 
molecules of which it is composed. The light entering each 
crystal is therefore refracted in the same way, the refracted 
beam deviating from its original direction by about 22°. 
Since the index of refraction of ice varies with the wavelengths 
of the refracted light, the colors will be spread. However, 
the shapes, sizes and orientations of the crystals are not so 
uniform as those of the raindrops, so the colors overlap and 
are less distinguishable than in the rainbow. Red light is 
bent least and the inner border of a halo is therefore reddish. 

Figure 15 shows how both the ground observer and the 
airbome observer (if he is flying low enough to have any 
clouds above him) will see this halo as the light rays come 
to them along the surface of a cone with an axial angle of 
about 22°. In addition, the airborne observer has the chance 
of seeing the antisolar halo formed by refraction and reflection 
of light from ice crystals on the far side of the plane from 
the sun. The geometry is such that this halo occurs at about 
38°. It is a weak halo, seldom seen. 

On the back cover of this book is an instrument with which 
you can measure the angular magnitudes of any light rings 
you may see from the plane. The best procedure would 
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be to measure the angular magnitude from side to opposite 
side of the whole ring (44° in the case of the 22° halo, for 
example) and then divide by two to get the cone angle. 
This is better than measuring the cone angle directly for 
two reasons. First, it may be hard to determine directly 
where the center is from which you would have to measure. 
Second, if the measurement of double the cone angle is un- 
certain by plus or minus four degrees (+4°), the measure- 
ment of the cone angle, which is what you want to know, is 
uncertain by only +2°. In other words, for a given absolute 
error in measurement, your percentage error will be smaller if 
you measure a larger quantity of the thing measured. 


Figure 15. Ice-crystal solar halo at 22 degrees and antisolar halo at 38 
degrees 
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An instrument for measuring angles is called a goniometer. 
The technique for using this instrument is illustrated in Figure 
16. Sight one side of the ring along the spine (zero edge) 
of the book with your eye right at the corner. At the same 
time sight along a pencil laid on the book with one end 
at your eye and the other end pointing to the opposite side 
of the ring. If the pencil doesn’t slip between the time 
you sight along it and the time you read the angle from 
the instrument, then your angle reading will be a valid one. 

A string attached to the corner of the book from which 
the goniometer lines radiate would enable you to make better 
measurements than you can make with the pencil. Smooth, 


Figure 16. Technique for using the bookback goniometer 
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straight cord, such as nylon fishline, would serve best. It 
could be glued on the inside back cover and allowed to hang 
out at the top. In between measurements it could be used as 
a bookmark, like the red ribbon that was a part of my grand- 


mother’s Bible. 
An interesting property of all these ring phenomena is 


that they are always circular, even though the cloud layer 
where they originate is a horizontal layer and the sun’s rays 
are reaching it obliquely. One might suppose that a glory 
formed by obliquely incident rays on a horizontal cloud layer 
would appear elliptical. The diagram in Figure 17 shows 
why it does not. The rays coming to your eye travel a 
path that is at a particular angle to the sun-antisun line (the 
dashed line in Figure 17). They have been described as 
lying on the surface of a cone. As you can see from Figure 
17, the relationship of this cone to the eye of the observer 
is the same, whether the droplets from which the rays come 
lie in a plane such as A or such as B or such as C. 

The glory is not the only ring resulting from diffraction. 
There is also a diffraction ring called a corona, to be seen 
when you look toward the sun or moon through a water-droplet 


Figure 17. Rainbows and glories are always circular 
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cloud. Like the glory, it varies in dimensions according 
to droplet size. It is bluish on the inside and reddish on 
the outside, unlike a halo, from ice crystals, which is reddish 
on the inside and bluish on the outside. 

Since the center of a corona is the moon or sun and the 
center of a glory is the antisolar point, a glory is sometimes 
called an anticorona. 

This chapter was to have been devoted to light. It inevitably 
had to deal with water droplets and ice crystals, clouds and 
mountains. The next chapter is labeled “Clouds,” but some 
of it will deal with light. The world around us is not done 
up in mutually exclusive packages with labels like “Light” 
and “Clouds,” “Physics” and “Chemistry,” “Russian science” 
and “American science.” 


6. Clouds 


A FEW MINUTES after takeoff in a fast jet plane you may hear 
a fellow passenger say, “I can’t see anything any more — just 
clouds.” Just clouds! “Did you ever think how unbelievable 
clouds would be if you had been bor blind and no one had 
ever told you about them?” Guy Murchie asks the question 
in his sensitively perceptive book Song of the Sky. Or suppose 
you had the task of trying to make the blind person believe 
them. Try to describe them in all their shapes and sizes, 
colors and motions: the boiling black threatening thunderheads, 
the long level gray slivers against the sunset, the wind-torn 
high wisps made of ice crystals that Murchie calls “the silver 
eyelashes of the sun”. From the ground we see them day 
after day, year after year, but still we pause now and then 
to admire them. From the air they take on new aspects, new 
colors, new shapes. 

When we stood on the ground each white puffy cloud over- 
head seemed stepped down from the next nearest one until, 
far on the horizon, the clouds appeared to lie close to the 
ground. In Plate XXIV we see that this is an illusion. Flying 
up from the ground, we come abreast of such a cloud layer 
and, looking along it, see great numbers of clouds at the same 


Plate XXIV. A laver of cumulus clouds viewed from (a) below, (b) alongside, 
(c) above 
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level (b, Plate XXIV). Rising above the cloud layer, we find 
that the perspective of our view is reversed. We now raise 
our eyes to see the far clouds (c, Plate XXIV). What causes 
these vast collections of puffy white clouds all lying in an 
orderly way at the same level? 

On the ground we live at the bottom of the sea of air which 
coats the earth. The atmospheric load exerts a pressure of 
about fifteen pounds per square inch at sea level, but at higher 
elevations where the load of air above us is less, the pressure 
is less. 

Air in contact with the sun-warmed earth is warmed, 
expands, and rises because it is less dense than the cooler 
air which has not expanded and which flows in from the side 
to take its place. As the rising air moves upward it is under 
less and less pressure and it therefore expands more and more. 
As a result of this expansion it gets cooler without losing 
any heat. This may sound impossible, but consider the diagram 
in Figure 18. The bottom box represents a certain volume 

of air at a given temperature. The heat that 
it has is a form of energy, the kinetic energy 
of all the air molecules dashing about in that 
volume of air and colliding with each other. 
The next box up, in Figure 18, represents the 
volume occupied by that same mass of air 
t when it has risen into a region of less pres- 
sure. In expanding, this mass of air pushed 
back the air surrounding it, expending energy 
to do so, though not in the form of heat. As a 


Figure 18. Diagram of a given mass of air expanding 
as it rises 


| |— 
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result, the molecules now have less total kinetic energy, and 
the temperature is therefore lower. This process of becoming 
colder by expansion without losing heat is known as adiabatic 
cooling. The reverse process, becoming warmer because of 
compression, without gaining heat, is known as adiabatic 
heating. For each thousand feet such a parcel of air rises, 
the temperature falls about 542 degrees Fahrenheit due to 
adiabatic cooling. 

Warm air can contain more water in the gaseous state 
than cold air. At a lower temperature the water molecules 
dash about less vigorously and therefore have a greater tend- 
ency to stick to each other when they meet, that is, to condense 
into droplets of liquid water. A cubic meter of dry air at 
30°C (86°F) can hold 30.4 grams of water as invisible water 
vapor, but the same amount of air at 6°C (43°F) could only 
hold 7.27 grams of water as water vapor. At 86°F, 7.27 grams 
of water would be only 24 percent of the amount the air 
could hold as water vapor. The amount of water vapor the 
air is holding at a particular temperature relative to the amount 
it could hold at that temperature is called the relative humid- 
ity. It is commonly expressed as a percentage. When the 
relative humidity reaches 100 percent the invisible water 
vapor in the air should condense into the visible water droplets 
which make up clouds. If the air is very clean this may 
not happen until even further cooling takes place because 
the droplets seem to need some particle to form on, a nucleus 
to initiate condensation. Laboratory experiments performed 
with filtered, de-ionized air, free of all particles except neutral 
molecules of oxygen, nitrogen, carbon dioxide and water, 
the constituents of clean air, have shown that in such specially 
prepared air relative humidity may reach several times 100 
percent without condensation taking place. 


84 Science for the Airplane Passenger 


In our atmosphere air is not that clean, especially at levels 
near the ground. From the evaporation of sea spray the 
air contains great numbers of salt particles, ranging in diameter 
from 0.01 x 1074 to 10 x 1074cm., that is, from one millionth 
of a centimeter to one thousandth of a centimeter. In some 
places there are more than 1000 salt particles per cubic centi- 
meter of air. These particles are especially important in 
initiating condensation since salt is hygroscopic, that is, water 
molecules adhere to its surface and it dissolves in the film 
of water and continues to attract more water molecules. 
This is why salt in a salt shaker gets sticky on humid summer 
days. 

Many other kinds of particles can serve as nuclei for the 
condensation of water droplets. They are discussed in Louis 
J. Battan’s paperback book, Cloud Physics and Cloud Seeding 
(New York, Doubleday, 1962.) Raindrops, forming on the 
particles in our atmosphere and carrying them to the ground, 
are air washers. If they did not do this, our air pollution 
problem would be even greater than it is. 

In the upper atmosphere where nuclei are scarcer there 
are sometimes regions of high relative humidity in which 
no water droplets have formed. The air is crystal clear and 
full of water in the gaseous state. Into this saturated air 
roars our airplane. Whether it is a propeller plane or a jet, 
it spews out behind it the products of the combustion of its 
fuel, one of which is water vapor. Suddenly the air behind 
the plane has more water than before and plenty of nuclei 
for the water to condense onto as visible water droplets which 
scatter the light. In the wake of the plane a condensation 
trail forms which has acquired the nickname contrail. It 
may be formed of ice crystals, if the air is cold enough, as 
it often is, and it may stop abruptly when the plane flies 
into a region of lower humidity. 
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Sometimes the relative humidity may be so high that it 
takes no more than the decrease in pressure as the air passes 
over the wing to trigger the formation of water droplets. Then 
the wings wear condensation plumes.* The propellor tips on 
powerful prop planes sometimes generate air vortices with 
low-pressure centers which cause condensation if the relative 
humidity is high. When this happens, which is especially 
likely on take-off, a thin cylindrical shell extends backward 
from the propellor tips as the plane speeds forward. 

When we discussed the shadow and glory phenomena in 
Chapter 5, we postponed mention of one until we had discussed 
its source. The contrail shadow can frequently be seen on 
the clouds below you. It lies like a long thin cigar with 
its forward tip always keeping pace with the plane and its 
back end spreading into a cloud farther back than you can 
see. At the front end there may be the bright spot mentioned 
in Chapter 5, and, surrounding the front end, the glory. 

On the ground, we are used to seeing our shadows lengthen 
as the sun goes down, its rays becoming more nearly parallel 
with the surface of the earth where we stand. In the sky, 
as the sun’s rays become more nearly parallel with the surface 
of the earth, shadows shift their positions to one more nearly 
on the same level as the object causing the shadow. In other 
words, as the sun sets, the shadow of the plane and its contrail 
rise. So, also, do the bright spot and the glory. 

As you near any major airport, you are likely to see contrails 
of other planes that have just passed. They will be dense and 


°For studying the formation of water droplets due to rapid decrease in pressure, 
C. T. R. Wilson in 1897 used a chamber in which he could cause a sudden expansion 
of the air. Such a chamber, now known as the Wilson cloud chamber, has been 
widely used for the detection of atomic-scale charged particles, since these nucleate 
condensation of water droplets under suitable conditions, and the track of the particle 
through the chamber is thus marked by a contrail. 
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compact, if recently formed, or open and larger if they have 
had time to spread out. Some of them may cast shadows 
which you can compare with the shadow of the contrail from 
your plane. Only by observing such a shadow can the crew 
tell when the plane has a contrail, a matter of no importance 
to them. They have no rear-view mirror. 

The temperature of the air at which the invisible water 
vapor condenses to form visible liquid water is called the 
dew point. On a warm summer day, air in contact with 
an ice-cold glass is chilled, reaches the dew point, and some 
of the water vapor in it condenses into liquid water on the 
surface of the glass. In the atmosphere, adiabatic cooling 
of the rising air brings it to the dew point. Wherever the 
air is warmed near the ground, it rises and cools and where 
it reaches the dew point, clouds form. 

When air moves over a mountain it has to rise and may 
reach the dew point with a resulting cloud forming just above 
the mountain (Plate XXV). Beyond the mountain the air 
moves down again, is warmed by adiabatic compression, and 
the water droplets in it evaporate. The cloud above the 
mountain hangs there, looking motionless, while, in the air 


Plate XXV. Wave cloud on top of Mt. Shasta, California 
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that moves through it, water vapor condenses into droplets 
on the upwind side and within the cloud, only to evaporate 
into a gas again on the downwind side. Just as a submerged 
rock in a swift stream results in a hump of water over the 
rock and waves of decreasing amplitude downstream, so a 
mountain such as we have been describing produces not only 
the hump in the air flowing over the mountain, but waves 
of decreasing amplitude in the airflow downwind (Fig. 19). 
On the crests of each of these waves little lenticular clouds 
may form just as they did above the mountain, giving us visible 
evidence of the invisible waves in the sea of air (Fig. 19). 
The crest-to-crest distance, or wavelength, depends on the 
wind velocity and is generally between two and ten miles. 

If the air flows over several mountain ridges, each may 


Figure 19. Wave clouds 
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have a cloud above it and if the ridge-to-ridge distance hap- 
pens to coincide with the airflow wavelength that would re- 
sult from a single ridge, the maximum wave amplitude will 
result. Plate XXVI shows wave clouds over the ridges of the 
Appalachian Mountains in Pennsylvania. Because of the ideal 
conditions for their formation in this area, the Showers Project 
of the Department of Meteorology of Pennsylvania State 
University has made a study of them. 

Cloud droplets are very small compared to raindrops. 
The maximum diameters of the droplets in cumulus clouds 
like those in Plate XXIV are less than 0.05 millimeters, com- 
monly about 0.01 mm, and there may be as many as 300 drop- 
lets per cubic centimeter. Most raindrops are about a couple 
of millimeters in diameter. 

As more water droplets accumulate the clouds grow bigger. 
Such clouds (Plate XXIV) are called cumulus clouds. The 


Plate XXVI. Wave clouds over the Appalachian Mountains in Pennsylvania 
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fact that they accumulate at about the same level over a 
wide area is an indication of the uniformity of temperature 
and relative humidity over that area. 

Whether on the ground or in the air, you can watch this 
process taking place. Fix your attention on a small white 
cloud, low in the group. Remember as you watch it grow 
that there are about 300 droplets per cubic centimeter of 
growing cloud! A small cloud near the top of a cumulus 
layer may gradually dwindle and disappear. 

The chart in Figure 20 will enable you to determine approx- 
imately the level of cumulus cloud formation for a particular 
set of ground conditions. For example, suppose the tempera- 
ture on the ground is 70°F, and the relative humidity 50 
percent. The point representing 70 degrees and 50 percent 
happens to lie on one of the curves in Figure 20, the curve 
for air containing 9.41 grams of water per cubic meter. Fol- 
lowing this curve upward and to the right we find that this 
air would reach the dew point (100 percent relative humidity) 
if its temperature fell to approximately 50°F, a drop of 20 
degrees. Since the temperature drops about 5¥, degrees for 
each thousand feet of rise, this air would reach the dew point 
if it rose to an elevation of 20/5.5 thousand feet or about 3600 
feet. 

Suppose the temperature on the ground is 75°F and the 
humidity 25 percent, represented by the point marked x on 
the 75-degree coordinate. Following the general trend of 
the other curves, we can see that the dew point of this air 
would be at about 36°F, or 39 degrees below surface tempera- 
ture. If such air rises, is adiabatically cooled, and condensa- 
tion occurs, the resulting cumulus clouds should form at 39/5.5 
thousand feet or 7200 feet. 

There are two modifying effects we have not taken into 
account in these calculations. In air at lower pressure the 
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water molecules collide less frequently and so the dew point 
is lowered. The air would have to rise farther, because of 
this effect, before condensation occurred. On the other hand, 
we have neglected turbulence of the air which tends to pro- 
mote condensation, thus modifying the effect of the lowered 
pressure. Due to the combination of these two effects our 


Figure 20. Graph of relative humidity versus temperature for various 
amounts of water in air 
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calculated elevations are likely to be a bit low, about nine 
tenths as great as the actual cloud elevation. 

The fact that the very cold air of the upper atmosphere can 
hold very little water has turned out to be useful to airplane 
manufacturers. I discovered this as a result of a distressing 
incident on a recent trip. It was to be a long flight and before 
boarding the plane I carefully requested a seat assignment 
that would allow me to take photographs en route. I arrived 
on board with my camera only to find that the view outside 
my window was entirely obscured by water droplets which 
had condensed on the inside of the outer pane. One would 
suppose that the space between the two panes would be sealed 
off and that it would be filled with dried air before sealing 
so the cold of the upper atmosphere would not cause conden- 
sation. My seat companion volunteered the suggestion that 
the condensation would probably go away when we were 
in the air. It seemed obvious to me that this was nonsense, 
since the outer pane would be even colder when we rose 
to higher altitudes. 

To my astonishment the prediction turned out to be true. 
I have since consulted an engineer with Douglas Aircraft 
on the subject of window construction, with very satisfying 
results. Both the outer window and the inner window in 
most planes are made of plastic approximately half an inch 
thick. The space between them is only an eighth to a quarter 
inch thick in some planes. The outer window is sealed at its 
edges, but the inner one is not, and air may gradually seep 
from the cabin into the inter-window space or from the inter- 
window space into the cabin. One would think that the 
breath of the passengers in the cabin air would cause conden- 
sation on the cold windowpane, just as it does in a car. But 
the air in the cabin is constantly being renewed with air from 
outside, air that has had most of the moisture wrung from 
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it by the extreme cold. When it comes into the cabin and 
is warmed, its capacity to take up water increases greatly, 
that is, its relative humidity drops to a very low figure (follow 
one of the curves of Figure 20 from upper right to lower 
left). It is this thirsty air that seeps into the space between 
the windows when the plane is high in the air, drying up 
any water that may have condensed on the cold pane when 
the plane was on the ground. 

Earlier in this chapter we saw how such condensation and 
evaporation in the undulating wind blowing over mountains 
can result in wave-clouds. Patterns of other sorts may occur 
under other conditions. Within a cumulus layer convection 
currents — the warm air rising and cool air descending — seem 
to form “cells,” with the cumulus clouds capping the columns 
of rising air (Fig. 21). Experiments performed by many mete- 


Figure 21. Air convection currents and cumulus clouds 
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orologists in the laboratory have produced convection cells 
in a layer of liquid or in air between two horizontal plates, 
heated on the bottom. In one such experiment the plates 
were about a centimeter apart and the lower plate, made 
of brass, was heated to more than twelve Centigrade degrees 
hotter than the upper plate which was made of glass. Smoke 
was added to make air movements visible. The pattern of po- 
lygonal cells that forms in such an experiment, photographed 
through the glass plate, is shown in Plate XXVII. Each cell 
usually has five or six sides and is surrounded by other cells 
of the same sort. The diameter of a cell is about three times 
the distance between the plates. In this experiment the mo- 
tion of the air is upward at the boundaries between cells, in- 
ward at the top and downward at the center of each cell 
where a dark spot may be seen in Plate XXVII._ In this re- 


Plate XXVII. Polygonal convection cells produced in a thin laver of smoke- 
filled air heated from below. 
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spect the behavior of these smoke clouds is unlike that of 
cumulus clouds in which the motion is upward in the center 
and downward at the edges. This experiment does serve to 
show, however, that under certain conditions of uniform heat- 
ing from below, the convection currents in a gas will form a 
cellular structure.° The airplane passenger can observe a 
cellular structure of similar appearance in the cumulus layer 
below him (Plate XXVIII). 

A plane flying beneath a layer of cumulus clouds, or through 
them, is alternately subjected to the updrafts and downdrafts 
of convection cells as shown in Figure 21. The flying is 
“bumpy” and the order is given to fasten your seat belts. 


°For a description and photographs of these experiments, see Tropical Meteorology 
by Herbert Riehl (New York, McGraw-Hill, 1954), or the paperback Clouds, Rain 
and Rainmaking by B. J. Mason (Cambridge, England, Cambridge University Press, 
1962). 


Plate XXVIII. Cellular structure in a cumulus layer 
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Above such a layer of clouds we no longer encounter convec- 
tion currents, and the flying is smooth. 

Why does the ascending air stop its ascent at the cloud? 
What determines the shape of the cloud in detail? We have 
seen that its level base occurs where the ascending air mass 
reaches the dew point, but what determines its bulging upper 
surface? There are several things going on at once in a cloud. 
As the water droplets in the cloud form from water vapor, 
heat is given off. This must be so, since heat was added to 
this water somewhere, originally, to change it into water 
vapor. (Recall the chilling effect of standing in a wet bathing 
suit from which water evaporates, getting the necessary heat 
for the process from your body.) Since heat energy, like any 
form of energy, can be neither created nor destroyed, it must 
be given off when the vapor changes its state to that of a 
liquidagain. This released heat tends to increase the buoyancy 
of the air within the cloud. 

The combined action of the rising air within the cloud and 
the descending air falling away along the sides, where evap- 
oration of water droplets has taken heat from the neighboring 
air, gives the top of the cloud its rounded, cauliflower shape. 
In any one cloud there may be many local regions of rising 
and descending air as the upper surface engulfs pockets of 
the surrounding dry air. This gives the upper surface its many 
small bulges. 

The warmth and moisture that the cloud contributes to 
its cooler dryer surroundings help to decrease the difference 
in density between it and the surrounding air. Since the 
buoyancy of the air responsible for the formation of the cumu- 
lus resulted from that difference in density, it will be lost 
when that difference ceases to exist. Old cumuli® lose their 


° Meteorologists speak of a cumulus (noun) for a single cumulus cloud. The plural 
of cumulus is cumuli. 
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sharp outlines and often merge with each other in a shoddy 
agglomerate of stratocumulus form. If new warm currents 
of cloud-forming air rise into such an old-cumulus region, 
already full of water droplets, they will be protected by its 
dampness from arresting effects of evaporation that were just 
discussed. As a result they may form young cumuli which 
tower above the sea of old cumuli like those in the foreground 
of Plate XXIX. In the background of Plate XXIX are larger 
cumuliform clouds, most of which have the sharply outlined 
rounded tops typical of vigorously growing cumuli. The largest 
of these, however, has a flat top, which indicates that it has 
reached the level of its limit of rise and is no longer moving 
upward relative to its surroundings. The steady movement 
of the upper atmosphere has smeared it out into an anvil-like 
shape. Clouds of this sort can frequently be seen from a plane. 
Their level tops mark the tropopause, the upper limit of that 
region of the atmosphere in which the churning and mixing 
of warm and cool air, humid and dry air, results in our 
weather. This weather-producing region is called the tropo- 
sphere, from the Greek word tropos, meaning “turn.” In Plate 


Plate XXIX. The top of the troposphere at sunset 
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XXIX the tropopause is about at the level of the plane, about 
34,000 feet. If the air is very moist cloud growth can continue 
to great heights, greater than 60,000 feet, and the updrafts 
may attain velocities of 4000 feet per minute. 

At higher elevations the low temperatures result in ice-crys- 
tal formation though the temperature of the small water drop- 
lets may be cooled to far below 0°C before freezing takes 
place. The change from water to ice, like the change from 
gaseous water vapor to liquid water, is facilitated by the pres- 
ence of particles. High above the earth there may not be 
enough dust to trigger the change of state, and water in small 
droplets may be supercooled water, liquid below its freezing 
temperature. The success of rainmaking by cloud seeding 
depends on the existence of supercooled water droplets which 
can be induced to freeze and fall. 

Why should they fall when they freeze? If a droplet of 
water turned to a pellet of ice containing the same number 
of water molecules, it would weigh exactly the same but oc- 
cupy more space in the sky because water expands when it 
freezes. It would require less updraft to keep it up than the 
water droplet would. However, at temperatures much below 
freezing, the tendency of water molecules to adhere to an 
ice pellet, making it large, is appreciably greater than their 
tendency to join a water droplet. Therefore when a tiny 
water droplet, too small to fall through the updrafts of air, 
is changed to ice, it quickly grows from a tiny ice pellet to 
one large enough to fall (one with a smaller ratio of wind- 
resisting surface to earth-attracted mass). When it falls into 
warmer air it melts again and falls as a raindrop. 

Where the cumulus cloud droplets are changing to ice par- 
ticles, the cloud boundary is less sharp. Some high ice-crystal 
clouds form directly from water vapor without the intermediate 
stage of liquid water. These are the cirrus clouds, high, white 
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and wispy, which old weather-watchers used to call ‘‘mare’s 
tails,” clouds like the tail of a white horse, blown by the wind. 
These are usually at 25,000 feet or higher where the tempera- 
ture is always far below freezing. 

In the far background of Plate XXIX are some tenuous and 
diffuse cirrus clouds. These may be either the remnants of 
very old spread-out cumuliform tops or independently pro- 
duced cirrus. 

The layer-like stratus cloud is not formed as the cumuli 
are, but rather as fog is at ground level, merely by a decrease 
in the temperature of the air, in place, until the dew point 
is reached. 

A young, newly formed cloud has droplets that are very 
small and fairly uniform in size. As time goes on these droplets 
come in contact with each other and coalesce to form larger 
droplets, some of which may get so large as to fall as rain. 
A big, dark rain-producing cumuliform cloud is called a 
cumulonimbus (examples can be seen in the middle distance 
of Plate XXIX) whereas stratiform clouds that produce pre- 
cipitation are called nimbostratus. 

Sometimes the influence of the temperature of the underlying 
land on the cloud patterns is sharply evident from the air. 
One day, on a trip from Albany, New York, to Newark, New 
Jersey, my plane flew just above a nearly continuous layer 
of cumulus clouds. Off to my right I noticed a wide gap 
in the clouds which continued for a long distance as though 
it had been plowed out by some giant snowplow. It was 
the region above the cold water of the Hudson River where 
the air was descending instead of rising and cumulus clouds 
were not forming. 

The darkness or lightness of clouds is governed by their 
thickness, the size of the water droplets in them, the liquid- 
water content of the clouds and the light that falls on them. 
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A thick layer of stratus clouds will look dark to people on 
the ground. Very little of the light is absorbed by the clouds, 
but the amount reflected increases rapidly with their thickness. 
A layer of clouds 300 feet thick will reflect back about 35 
percent of the sun’s light falling on it. From the plane we 
look down on the bright white reflecting surface of the clouds 
and receive the light that is not reaching the people on the 
ground. The reflectivity is greater for clouds with high water 
content and is greater when the cloud droplets are small than 
when they are large. Some clouds are dark because they 
are in the shadow of other clouds (Plate XXIX). 

A scene such as that in Plate XXIX tells a rich and complex 
story to the meteorologist capable of interpreting it in detail. 
This photograph was presented to two such meterologists. 
The first said it would take a whole day to analyze the infor- 
mation in the picture. The second said it would take a month. 
The analysis would fill a larger book than this. 

Sometimes, in some places, the churning and mixing that 
give the troposphere its name cease, and tranquillity prevails 
in the lower atmosphere. For this to occur, the air on the 
bottom must be heavier than the air that overlies it so that 
it has no tendency to rise into the upper atmosphere. This 
will happen whenever conditions are such that the air near 
the surface of the earth is cooler than the overlying air. Since 
this is the reverse of the usual condition, it is called a tempera- 
ture inversion. Color Plate IJ, on the inside front cover, shows 
what it looks like from the plane. The hazy, heavy motionless 
air of the lower atmosphere lies like a thick blanket near the 
ground, while above it the clear, lighter sun-warmed air rests 
lightly on its sharply-defined surface. The lower air is filled 
with more than haze. From the thousands of cars of the 
greater New York area, from power plants and factories and 
chemical plants of all sorts, waste products are poured out 
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into the air. When the wind is blowing or when the usual 
convection currents are operating and the warm air is rising 
into the cooler upper atmosphere, this atmospheric refuse 
is carried away. When a temperature inversion takes place, 
the city sits in a pool of its own waste, risking death by 
asphyxiation. 


7. Wind, Rain and Snow 


“WE ARE CRUISING at an elevation of 28,000 feet with a ground 
speed of 420 miles per hour. We have a head wind of 150 
miles per hour. Our arrival at Minneapolis will be on sched- 
ule.” 

The passengers listen and return to their reading. Nobody 
is surprised. Yet in 1933, A. K. Lobeck wrote, in Airways of 
America: 


The prevailing westerly winds blowing across the country 
have an average velocity near the surface of the earth of 
between 5 and 15 miles an hour in different parts of the 
country, being greatest in the Great Plains and least in the 
basin areas between the mountain ranges of Wyoming and 
of central California... . At higher altitudes the velocity 
is much greater, hence the practice of flying eastward at 
altitudes of 10,000 feet and westward at only 1,000 to 2,000 
feet above the surface of the earth. 


The contrast between eastward and westward flying may 
be best appreciated by considering the effect of only a 
10-mile wind, during a flight of 5 hours. On the eastbound 
trip this means a tailwind which adds 50 miles to the distance 
travelled in 5 hours. On the westbound trip this is a head- 
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wind which reduces the distance travelled by that amount. 
The total difference between the two flights is 100 miles, 
which is the best part of the distance flown in one hour. 
A wind of 20 miles per hour is not at all uncommon. This 
means almost two hours difference in flying time. Or, if 
we consider a run of 400 miles with a wind of 40 miles an 
hour, we find that it takes almost twice as long to travel 
this distance against the wind as with the wind. It is not 
difficult to understand, therefore, why air schedules cannot 
be adhered to so rigidly as railroad schedules. 


Much of this is just as true today as it was in 1933. A 10- 
mile-per-hour head wind adds 10 miles of flying distance during 
every hour of flight. The plane is in a treadmill of air. Its 
motion ahead is relative to the air in which it moves. With 
a 150 mph head wind on a two-hour stretch of flight, the plane 
travels through 300 more miles of air during those two hours 
than it would have traversed had the air been still. 

How, then, do airplanes keep to their schedules today when 
they couldn’t thirty years ago? First, airlines have benefited 
from thirty years of experience with the winds. The timetables 
allow about five hours for the flight with the wind from San 
Francisco to New York, but about six hours for the flight against 
the wind from New York to San Francisco. Second, today’s 
planes fly faster. A 60 mph head wind reduces by 60 percent 
the speed of a plane going 100 mph, but reduces by only 10 
percent the speed of a plane going 600 mph. The plane bound 
for Minneapolis probably did not have the 150 mph head wind 
for long. Such wind velocities are rare except in jet streams, 
those rather well-defined, flat-tubular rivers of air which follow 
a wandering, shifting course across the continent. The maxi- 
mum wind velocity is in the core of the stream and may exceed 
250 mph. A pilot who finds himself flying upstream in a jet 
stream will arrange to get out of it as soon as possible. 
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The speed of today’s jet planes, relative to the air, may be 
close to that of sound in air. At these speeds a shock wave, 
a jump in air pressure and density, spreads outward and back- 
ward from the nose of the plane. Since such a pressure dis- 
turbance would produce an undesirable drag on the plane as 
it passed by the wings, it is advantageous to have the wings 
“swept back” at such an angle that they keep out of the wake- 
like path of the disturbance. However, this is not the only 
factor that must be taken into account in their design.° 

Airplanes traveling at such speeds are traveling in the strato- 
sphere, that relatively nonturbulent layer of atmosphere above 
the churning, weather-making troposphere which is next to the 
earth’s surface. In the stratosphere there is no rain or snow. 
Only occasionally does an energetic thundercloud rear its head 
up through the tropopause that marks the limit of the tropo- 
sphere. Just below this limit we commonly see the vast, con- 
tinuous layer of cloud tops below which weather is taking 
place. 

As we go down into the troposphere we feel the turning 
and turbulence of air that gave it its name. If the clouds are 
thick the day will be dark beneath them and precipitation 
may be taking place. The tracks of raindrops on the windows 
of the plane are not vertical tracks as they are on the windows 
of a house. Their orientation depends on the vector sum of 
the motion of the raindrops and the motion of the plane. 
Which is the larger of these two vectors? 

The combined effects of the vibration of the airplane, the 
various directions and velocities of air sweeping past the outer 
surface of the window, the gravitational attraction between 
the earth and the raindrops, and surface tension (acting always 
like a tight surface skin on the water droplets) result in a great 


°See P. L. Sutcliffe’s discussion of wing angle versus speed in Supersonic Engineering, 
edited by J. T. Henshaw and published by Heinemann, London, 1962. 
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variety of phenomena. The surface of the window does not 
“wet” very well; that is, water does not spread out on it in 
a uniform film. Ifa streak of water forms as a raindrop strikes 
the window, it quickly breaks up into many drops because of 
surface tension. As the drops grow with added rain, two may 
touch and quickly flow together to make one big drop with 
less surface area than that of the two separated drops. If you 
are standing on the ground this drop may start to move down 
the window, incorporating other drops as it goes, and leaving 
behind it a streak of water which quickly breaks up into small 
drops again. 

When a propeller-driven plane is standing on the ground 
with its motors idling, the raindrops on the window behave 
as they would on the window of a house, but when the pro- 
pellers are rotating at high speed with the plane still on the 
ground a very curious phenomenon is observable. As the air 
moved by the propellers blows back along the windowpane, 
the drops move in jumps, not smoothly across the pane. All 
the drops jump at once, hesitate a moment and then jump 
again, all together. What is the explanation of this simulta- 
neously jerky motion of the drops? Is the air from the pro- 
pellers so sharply gusty at the windowpane surface that it blows 
and stops, blows and stops within such a short period? Does 
the vibration of the windowpane periodically result in reduc- 
tion of the force holding the drops against the pane? Further 
research is needed. 

When the sun shines onto snowflakes in the air below you, 
it sometimes produces a well-defined bright round spot which 
seems to race over the ground at the speed of the plane. 
The reflection of such a sharp image of the sun by air-borne 
snow shows that the flakes must be flat platelets, most of which 
are floating horizontally so that they act as millions of tiny 
horizontal mirrors. 
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If a light snow has fallen you may be able to see something 
that can be observed best (perhaps only) from the air under 
these conditions. In vacant lots, in fields and sparse woodlands, 
wild animals make countless little tracks, crisscrossing in ran- 
dom ways that suit their small purposes. When a light snow 
has fallen, these tracks show as a white network in the brown 
vegetation. 

Snow may last in some places and melt away in others 
because of differential heating. The cause of the difference 
may be obvious, such as exposure to sun or protection from 
it, or it may be more subtle. I know of one case in which 
the snow over a newly laid pipe remained when the snow 
on either side had melted away. Perhaps the trapped air 
in the loosened soil served to make it a better insulator, a 
poorer conductor of the earth’s warmth which melted the 
snow on either side. 

The distribution of snow in the early stages of a snow storm 
when the ground is not yet all white may be very different 
from the distribution a few days after a snow storm when 
some of the snow has melted and again the ground is not 
all white. In the early stages of a light snow, the boundaries 
of fields may show less snow because the dark rocks of the 
stone walls absorb more of the sun’s heat than the fields do 
and so cause melting of the snow. A few days after a heavy 
snow the fields may be edged in white where the snow drifted 
deep against the stone walls and is therefore taking longer 
to disappear. 

Small lakes may remain frozen when the ice on large lakes 
melts. Indeed small lakes generally freeze before large lakes 
because a large body of water has a greater heat capacity 
than a small body of water does and takes longer to lose this 
heat. Lake water loses heat largely from the surface, especially 
on a clear night, when heat is radiated to the cold sky. The 
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cold surface water is denser than the warmer underlying water 
and therefore sinks to the bottom of the lake leaving warmer 
water to be cooled at the surface. 

When ice forms it does not sink to the bottom. As we have 
seen, it stays on the surface because it is less dense than water. 
The ice layer itself is an insulator, cutting down the loss of 
heat from the surface of the lake and the freezing of a lake is 
thus a self-limiting process. 

A thicker snow provides some contrasts that sharpen our 
observation of the land below us. A smooth white blanket 
marks the cultivated land between the brown areas of trees 
and shrubs. One time, as I flew over the geologically young 
region near Pittsburgh, where the snow-white cultivated areas 
on the flat divides were separated by the narrow tree-brown 
valleys, it seemed to me that the land resembled a pan of 
sugar-powdered buns. 

When there is snow on the ground, the wooded white hills 
are clearly outlined in brown against the hills behind, since 
we look through many trees as we look along the side of a 
hill, but through few as we look at the face of a hill. This 
is the crew-haircut phenomenon. Unless a man’s hair is very 
thick, you can easily see the skin on his head when you look 
down on his crew haircut from the top. Looking at him from 
the side, however, you see a fine stand of bushy hair. 

In barren country the snow-laden ledges contrast with the 
dark steep slopes so that a hard-rock layer which might other- 
wise escape notice stands out sharply marked in white. Lakes 
and streams, if they are not covered with ice, become the 
dark features of the snow-covered landscape. 

A part of the land that is familiar to you from the air becomes 
a different thing after the snow, with some of the old features 
hidden, but with new ones brought to light. 

What of the work of the wind on the land? Can any of 
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it be seen from the air? The shapes of sand dunes may be 
distinctive from above. In semi-arid regions, where farming 
is possible, with some irrigation, a part of the land that is 
higher and therefore drier may develop dunes if the soil is 
sandy and the vegetation sparse. Just east of Denver patches 
of parabola-shaped dunes may be seen, close to orderly cul- 
tivated fields. These parabolic, or bowout, dunes are typical 
of semi-arid plains and plateaus where vegetation exerts some 
influence. 

In areas where the sand movement is not hampered by 
vegetation, a different type of dune may develop. Where the 
wind is usually from a particular direction, the dunes may 
“march” across the land, developing crescent shapes as they 
go, with horns pointing away from the wind. The center of 
the due is an obstruction over which the wind must rise, 
dropping sand all along the gentle upwind slope of the dune. 
Some of the wind sweeps past the ends of the dune, carrying 
sand farther along to form the horns of the crescent. Such 
dunes are called barchans and may be seen from the air when 
you cross the Mojave desert. 


8. Quantitative 
Measurements 


Puanes fly in lanes. Cars on the ground are restricted to 
roads and must keep to the right. For these we need only 
two-dimensional regulations because the force of gravity regu- 
lates their motion in the third dimension. For planes there 
are three-dimensional regulations. They must fly at flight 
levels specified by the Federal Aviation Agency. In general, 
planes flying west fly at even thousands while planes flying 
east fly at odd thousands of feet elevation above mean sea 
level, but special conditions may require departure from this 
rule. 

Commonly the captain announces to the passengers the 
elevation at which the plane is flying. This information, 
together with your bookback goniometer, makes it possible 
for you to determine the dimensions of lakes, rivers, fields 
and large features of the landscape below you, as well as how 
far away they are. 

Referring to Figure 22, we see that if you hold the long 
edge of the book (G) as nearly vertical as possible® and sight 


°The top of the book will thus be horizontal at eye level. Sight along the top 
edge to check this. 
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along the line labeled e to some distant object, then the dis- 
tance (e) from your eye to that object can be found from the 


known elevation of the plane (b) by measuring the angle A, 
since 


oe AB 
e 
e= b 
cos A 


ees ge 


Figure 22. Use of the bookback goniometer to make ground measurements 


Table 2 
Sines and tangents of some small angles 


Sin 
.017 
.035 
052 
.070 
.087 
105 
122 
139 


Tan 


.017 
.035 
052 
.070 
.087 
105 
123 
141 


Angle 
(degrees) 


9 
10 
12 
14 
16 
18 
20 
22 


Cosines and tangents of some larger angles 


Angle 
(degrees) 
1 
2 
3 
4 
5 
6 
7 
8 
Table 3 
Angle 
(deg.) cos 
30 =.866 . 
31.857. 
32.848 . 
33.839 . 
34.829. 
35 «819. 
36 809 . 
37.799 . 
38 = .788 . 
39.777. 
40 .766. 
41 755. 
42 .743. 
43 .731. 
44 .719. 


Angle 
tan —(deg.) 
577 45 
600 46 
625 47 
649 48 
675 49 
700 50 
727 51 
754 52 
781 53 
810 54 
839 55 
869 56 
900 57 
933 58 
966 59 


cos tan 


-707 1.00 
.695 1.04 
-682 1.07 
.669 1.11 
656 1.15 
.643 1.19 
.629 1.23 
616 1.28 
601 1.33 
588 1.38 
574 1.43 
.560 1.48 
045 1.54 
530 1.60 
O15 1.66 


Angle 

(deg.) cos 
60.500 
61 485 
62 470 
63.454 
64.438 
65.423 
66 407 
67 —«391 
68 375 
69 .358 
70 = =.342 
71 ~~ ~=.326 
72 309 
73.292 
74 +.276 


tan 


1.73 
1.80 
1.88 
1.96 
2.05 
2.14 
2.25 
2.36 
2.48 
2.61 
2.75 
2.90 
3.08 
3.27 
3.49 


Sin 
156 
174 
.208 
242 
276 
.309 
342 
375 


Angle 
(deg.) 


cos 


259 
242 
.225 
.208 
.191 
174 
156 
.139 
122 
105 
.087 
.070 
052 
035 
017 


Tan 


.158 
176 


213 


.249 
287 


325 
364 
404 


tan 


3.73 
4.01 
4.33 
4.70 
5.14 
5.67 
6.31 
7.12 
8.14 
9.51 
11.4 
14.3 
19.1 
28.6 
57.3 
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Tables of cosines of angles as well as sines and tangents 
are given in this chapter for your convenience. 

You can also find the ground distance (a) from a point 
directly beneath the plane to the object sighted, since 


Suppose the distance c (Fig. 22) is the width of a lake to 
be measured in the same direction as that in which the dis- 
tance a was measured. You can determine this by measuring 
angle C (as well as A), and by knowing e. 

From “the sine law” which holds good for all triangles, 
regardless of shape, 


e _ ec 
sinE sinC 
E = 90 — (A+ C) 
so 
sin E = cos (A + C) 
and 
_ e sin C 
cos (A + C) 


To measure the Jength of the lake that is parallel to the 
route of the plane, determine the distance from your eye to 
the lake (e) first, and then turn the goniometer so that you 
sight along the spine of the book to one end of the lake and 
along some line of the goniometer to the other end of the 
lake. Record the angle (S) between the two lines of sight 
and find the length of the lake (s) in this direction from 
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If you do not know your elevation, you can determine it 
by using the bookback goniometer if you know the dimen- 
sions of some feature on the ground. Roads and houses and 
trucks and cars, all of whose dimensions we know and might 
think we could use, are too small for this purpose. One needs 
to carry a map. Automobile road maps for each state are 
about the right scale. Shapes of lakes and rivers, parks and 
road patterns on the map can be recognized on the ground 
and used for measurement since the map carries a scale. 

Referring again to Fig. 22, if the dimension (c) of some fea- 
ture on the ground is known (measured in the direction of 
the distance a) you can determine your elevation (b) by meas- 
uring angles A and C since, as we found before, 


_ esinC 
~ cos (A + C) 
and therefore 
_ ce cos (A + C) 
= sin C 
But 
b 
e= 
cos A 
So 
b=ecos A = SOA + ©) O08 A 


sin C 


If you measure the angle S, subtended by the length of the 
lake (s) parallel to the route of the plane, as we did before, 
then, by knowing s from the map, you can find e from 
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tan S = 7 
e 


s 
e = — 
tan S 

and then we have the very simple equation 


scos A 
tan S 


b= 


Since landscape features move past the window rather 
quickly, you may wish to use a faster method for making 
measurements. If you carry a writing pad with you, you can 
use it just as you would the goniometer, making marks on 
the far edge of the pad to indicate your line of sight (Fig. 
23a), and measure the angles later by folding the paper along 
the line of sight and matching the angle on the bookback 
goniometer (Fig. 23b). 


Figure 23. Use of a writing pad for faster recording of angles 


114 Science for the Airplane Passenger 


For a quick, rough estimate of your elevation when you 
are near the ground, you might see how much of the shadow 
of the airplane is covered by your little finger. Since the 
shadow is made by the sun’s rays, which are approximately 
parallel, it will be the same size as the airplane while the 
plane is near the ground. If you know the size of the air- 


A) Figure 24. Use of the little finger for approximate 


~ determination of elevation 
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plane, the diameter of your little finger and the distance of 
your little finger from your eye, you can make a rough de- 
termination of your elevation (Fig. 24). 

By similar triangles, 


xS 

ff 
For example, if the plane is 100 feet long and its shadow is 
just covered by your half-inch-thick little finger, held 8 inches 
from your eye, then x = 100 ft, s = 8 in. = % ft. and 


f= 5 =: th 


2 
e= x OK 1600 ft. 


/a4 

If the sun is so high that the angle E, Figure 24, is large, 
the distance x can be taken as approximately equal to c, the 
size of the plane’s shadow and therefore of the plane. Sim- 
ilarly e will be approximately equal to b, your elevation. 
More precisely, x = c sin E and b = e cos A. 

To use this rough method you must know the distance 
between your eye and your little finger. There is seldom 
room to hold it at arm’s length, a distance you could easily 
determine. A convenient means of measurement would be 
to place your thumb against your nose and stretch your little 
finger out as far as possible. The span of your hand is prob- 
ably about 8 inches and could easily be determined. How- 
ever, this arrangement might attract unfavorable notice from 
your fellow passengers. It would be better to use the book 
as a spacer between your eye and your little finger. It is 
just 814 inches long including the cover. 

As we watch the shadow of the plane race across the 


116 Science for the Airplane Passenger 


ground, we can make a rough comparison between its ground 
speed and that of cars or trains. On the sunny side of the 
plane we can use the rate at which the point of maximum 
reflection from water surfaces moves across the land if the 
plane’s route is roughly at right angles to the sun’s rays. The 
sun is so far away that all its rays reaching some part of the 
earth may be considered approximately parallel to each other. 


Figure 25. Use of flash reflections from water to determine the speed of the 
airplane 
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In Figure 25 we see that the point of land from which a hori- 
zontal reflecting surface will reflect the sun’s rays into our 
eyes in the plane will move with the same velocity as the 
plane. If we know from a map the distance between two 
reflecting points on land and can measure the time between 
the flash reflection from one and the flash reflection from the 
other, we can determine our cruising speed. 

What is the speed of the plane as it lands? Color Plate III, 
on the inside back cover, is a time exposure of an airplane 
landing at Newark Airport at night. The picture was taken 
from the control tower. In the background is the tower of the 
Empire State Building. The bright curve is due to the land- 
ing lights of the plane, the broken red streak above this curve 
is from the flashing red light which tops every airplane. On 
the ground, yellow-white lights mark the sides of the land- 
ing runway. If we knew how far apart the runway lights are 
and how frequently the red light on the plane was flashing, 
we could determine the speed of the plane as it was landing. 
(Near the right side of the picture, the red spots from the 
flashing light appear closer together because the path of the 
plane was more directly toward us as it circled for a landing. 
Along the runway its path must have been parallel to the 
runway since no disaster occurred.) 

These particular runway lights are 200 feet apart. Federal 
Aviation Agency regulations require that the flashing red 
light on the top of the plane shall flash no less than 40 times 
a minute and no more than 100 times a minute. So we do 
not know the frequency of the red flashing light. Let us sup- 
pose that on this particular plane it was flashing 60 times a 
minute, a figure well within the regulations and one which 
makes our calculations easy since the distance from one break 
in the red streak to the next break would then represent the 
distance traveled in one second. How far did the plane 
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travel in three seconds? How fast was it going in miles per 
hour? 

In this problem we have had to assume a particular flashing 
frequency for the red light, in order to have a time measure- 
ment. You may be able to measure the speed of your plane 
as it lands if you have a watch with a second hand and can 
count how many runway lights go by your window in, say, 
five seconds. 

The standard distance between lights along the edge of a 
landing runway is 200 feet, as in Color Plate III where the 
plane is landing on the east-west runway at Newark. How- 
ever, the northeast-southwest runway at Newark and the east- 
west runway at Philadelphia are marked by lights 100 feet 
apart. 

Sometimes the captain will announce the ground speed of 
the airplane and then you can determine distances between 
objects on the ground by timing the interval between flash re- 
flections from adjoining water bodies or, on the other side of 
the plane, superposition of the plane’s shadow over the ob- 
jects. A captain may announce the speed in knots since air- 
lines actually use this unit. A knot is not a unit of distance, 
it is a unit of speed. One knot equals one nautical mile 
per hour and a nautical mile is the length of one minute ( %o 
of a degree) of longitude at the equator, which makes it 
equal to 1.15 statute miles (the mile that is 5,280 feet long). 
A speed of 100 knots is a speed of 115 miles per hour. 

It is a little surprising that we have not invented a single 
speed unit to replace the wordy “miles per hour” that we 
use so often. We have a single name for a unit of work 
done in a given length of time: the watt. When the electric 
company bills you for the work done by their electricity 
they have to multiply the work-per-unit-time unit by the 
time. 
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work x time = work 
time 
kilowatts x hours = kilowatt hours 


They cannot bill you for the electricity, since all of that 
comes back to them through the circuit; they properly bill 
you for the work it did while it was on its way. 

What would you multiply a knot by to get a nautical mile? 

For the measurement of distances in Figure 22, we assumed 
that the surface of the earth was flat. When our elevation is 
not very great, this approximation serves reasonably well, but 
when we fly high, the horizon gets farther away because a 
straight line of sight extends farther over the bulge of the 
earth (Fig. 26). We can easily calculate the relationship be- 
tween the distance to the horizon and our elevation if we 
make some simplifying assumptions. 


e b. 
Qe 


Figure 26. The higher the airplane the farther the horizon 


In Figure 27 we have assumed the earth to be as smooth 
as a billiard ball with its surface at mean sea level. The 
(greatly exaggerated) elevation of the plane above this surface 
is b, the distance to the horizon is e and the radius of the 
earth (3,960 miles) is r. 

From the Pythagorean Proposition, 


e? + 2 = (r+b)? 
e? = r? + Qrb + b? — r? 
= 2rb + b? 
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The quantity b is so small compared to r that the value of 
b? compared to 2rb is relatively so extremely small that it 
can be neglected. 


‘".e = V/2rb 
V2r = 89.0 


So 


e = 89\/b 


Figure 27. Diagram for calculation of horizon distance 
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For example, suppose your elevation, b, is 31,000 feet or 
5.87 mi. 


V/5.87 = 2.42 


The distance to the horizon is 
e = 89 x 2.42 = 215.7 mi. or approximately 200 miles. 


Alternatively we could write 


e (in miles) = \/b(in feet) x 1/1/5280 x 89 
= \b(in feet) x 1.23 (easy to remember) 


e = 31,000 x 1.23 
= V3l0 x 100 x 1.23 
Now a convenient trick for getting the square root of a 


number, n, such as 310, is to take out of it a perfect square, 
x, such as 289 (17 x 17). Then 


va = ve(l + 2#=*) 


~ 310 — 289 
V310 = 17(1 + BO — 288) 
* "2 x 289 


21 
=1714+— 
tee) 
17 x 1.04 = 17.68 
e = 17.68 x 10 x 1.23 = 217 miles 


Example: 


I? 


! 


This is the same as the previous answer within the limits 
of error introduced by rounding off numbers. 

The relation e = 89,/b is plotted in Figure 28, with the 
elevation (b), in feet, plotted along the ordinate and the dis- 
tance to the horizon (e), in miles, plotted along the abscissa. 
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The relationship does not give true horizon distances very 
exactly for two reasons. First, the surface of the earth has 
humps and hollows which we have disregarded. The peaks 
of distant mountains will be visible beyond the horizon we 
have calculated. Second, the path of a light beam coming to 
us from distant objects is bent as it goes through air of differ- 
ent densities. The beam is bent downward toward the 
earth as it travels up through the atmosphere passing from 
denser to rarer air. This makes it possible for us to see over 
the curve of the earth a bit farther than we could see if our 
line of sight were perfectly straight as we assumed it to be 
in our calculations. 
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Figure 28. Graph showing the relation between the elevation of the air- 
plane and distance to the horizon 


An interesting result of the relation e = 89,/b is that the 
area visible from the plane is (approximately) simply propor- 
tional to the altitude. 

The area of our circular field of view is A = wr? where r 
in this case is approximately the distance e which is equal 


to 89 \/b. So 


A 
A 


a X (89)2b 
25,200 b 
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Figure 29. Graph showing the linear relationship between the elevation of 


the airplane and the area of the land visible 
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The area visible (in square miles) is approximately 25,200 
times the elevation of the plane (in miles). The area in 
square miles is approximately 4.8 times the elevation of the 
plane in feet. This linear relationship is shown graphically 
in Figure 29, with examples given of areas of states or coun- 
tries for comparison. 

In Chapter 6 we mentioned the double windows of the 
airplane and gave an approximate figure for the distance be- 
tween them. This distance varies from plane to plane. You 
can measure it by measuring the distance between the two 
reflected images of an object in the plane if you arrange mat- 
ters so that the geometry involved is under your control. 
Figure 30 shows a method of doing this. The images are 
best viewed against a darker background like the sky above. 

Place the outer edge of one cover of the book against the 
window in a vertical position. Hold the book open 90° so 
that the other cover is parallel to the window. Along the 
spine of the book hold a pen or pencil so that it sticks up 
above the book as in Figure 30. You will see two reflections 
of the pencil if there are two windows. One will appear 
nearer to the spine of the book than the other. Move your 
viewing eye until this reflection lines up with the edge of 
the book, as shown in Fig. 30. The other reflection will then 
appear beyond the edge of the book. You can measure how 
far beyond by bringing with you a piece of paper which 
carries a scale marked in inches for just this purpose. ° 

A simple proof indicates that this distance is the same as 
the distance between the first and second reflecting surfaces. 


*If you have no scale, mark a piece of paper with the distance between the 
reflected images and measure it later. 


ce WINDOWPANE 


pf eNO WINDOWPANE 


Figure 30. Double images reflected from two windowpanes 


126 Science for the Airplane Passenger 


Referring to Figure 31, we see that d is the distance between 
reflecting surfaces of the windows, and m is the distance be- 
tween reflections which we can measure. Each of the three 
triangles marked with heavy lines contains a right angle and 
the angle A. Therefore they are similar triangles, since their 
corresponding angles are equal to each other, and the follow- 
ing relationships are true. 


SECOND WINDOWPANE 


FIRST WINDOWPANE 


4 as 
BOOK ‘COVER [oa fs ee 


Figure 31. Diagram for analysis of double reflection 


PENCIL 
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2d _ m 
s sy 
2d _ s 
m y 
Ss_¢_ 
y c/2— 
2d _ 9 
m 
d=m 


In order for the observer to look along the two parallel 
lines (separated by distance S) simultaneously, he would have 
to be an infinite distance away from the windows, which is 
not possible, even in present-day airplanes. The visible reflec- 
tions from the two windows travel in directions which con- 
verge to a point at the eye. Therefore the distance between 
the two images of the pencil will always be a distance (m’) 
less than m in Figure 31 and will depend on the distance 
between the eye and the measuring scale. When the eye is 
8 inches (a hand span) from the measuring scale, the distance 
between the reflecting surfaces of the windows (m) is approx- 
imately equal to 4m’ — ¥, in inches. 

Some airplanes have more than two windowpanes. You 
then have your choice between ignoring all except the first 
two reflections (the two nearest to the spine of the book) or 
dealing with the more complicated relations of double reflec- 
tions. Three windowpanes result in at least five images! (See 
Figure 32.) 

If you were on the sunny side of the plane while you were 
making these measurements, you may have noticed the 
scratches on the outside of the window which were reflect- 
ing the sun brightly. They were not randomly oriented. 
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If the sun’s rays are meeting the windowpane at a high 
angle (not far from perpendicular to the surface), the bright 
scratches may outline a set of concentric circles, but if the 
sun’s rays meet the surface at a lower angle (farther from the 
perpendicular), the reflecting scratches will appear as a set 
of parallel straight scratches. Actually the scratches are quite 
randomly oriented on the windowpane, but the only scratches 
that shine brightly at any particular moment are those whose 
surfaces are at the proper angle at that moment for reflection 
of the sun’s rays to your eye. When you are looking toward 
the sun, its rays seem to diverge toward you just as parallel 
railway tracks seem to diverge toward the observer. The 
windowpane traces of those reflecting surfaces that are 
perpendicular to the radial rays form the concentric circles. 


We 


Figure 32. Five images from three windowpanes 


When the reflecting scratches appear as parallel straight 
lines, they will be more nearly vertical when the sun is low 
and more nearly horizontal when the sun is high. However 
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we cannot determine the angle of the sun’s elevation by 
measuring the angle that the bright scratches make with the 
vertical since this does not tell us fully the orientation of the 
tiny reflecting facets in the scratches. We only know the 
direction of the scratches along the windowpane. 

In spite of not being able to use the steepness of the reflect- 
ing scratches to measure precisely the angle of elevation of 
the sun, it may be amusing to note that they change direction 
more rapidly when one is flying east than when one is flying 
west. 


9. Frames of Reference 


AT EVERY MOMENT of our lives we are somewhere in space 
and somewhere in time. The ratio between a change of our 
position in space and the time that it takes it to happen is 
our speed. That sounds perfectly simple and straightforward. 
But suppose you are on a jet plane from New York to San 
Francisco and someone asks you what time it is. You may 
answer, “Well, by my watch it’s eleven o'clock, but that’s 
New York time. We left New York at nine and we're due 
in San Francisco at 11:55 their time, three hours earlier than 
New York time, so we’re due there in three hours and fifty-five 
minutes and we’ve been in the air two hours. If we're % 
or ¥ of the way, we’re probably in the Central Time belt 
which is one hour earlier than New York time. In answer 
to your question, sir, it’s ten o’clock”. Clock time depends 
on your frame of reference. 

When you get to San Francisco your watch will read 2:55 
and you will reset it to 11:55. If you stay in San Francisco 
the rest of your life, will your life be three hours longer? 
Your next birthday will come three hours later, but that’s 
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just because it takes the sunrise three hours longer to reach 
San Francisco after reaching New York, as the earth turns. 

If you take off from New York at 4:30 p.m. on a spring eve- 
ning when the sun is due to set at six you will be taking off 
only an hour and a half before sunset. The sun is due to set 
in San Francisco at six o'clock San Francisco time. You will 
arrive there at 7:30 San Francisco time, only an hour and 
a half after sunset. If there are clouds in the sky reflecting 
the sunlight you may enjoy the spectacle of a sunset that lasts 
nearly six hours. 

On a later plane you might watch the sun go down as you 
taxi to the runway for a takeoff. Then it will rise again for 
you when you get up away from the earth and set again a 
second time later. 

Suppose you could fly around the earth in twenty-four hours 
and could continue to do so, without stopping for fuel or sup- 
plies. It would always be the same time where you were — 
noon, for example — but once in every twenty-four hours the 
date would change. Your motion with respect to the sun 
would be simpler than it is at present. 

Our present system of naming the hours is considered by 
some to be out of keeping with our present way of life. It 
belongs to a time when people didn’t move around so much 
and each place could have its local time without inconven- 
ience. Suppose we called it twelve o’clock everywhere on 
the earth at the same time. This would greatly simplify all 
long-distance communication and travel arrangements. How 
long would it take us to get used to the idea that when people 
are having lunch in London at twelve o’clock, people in Rio 
de Janeiro are opening their business offices for the day at 
twelve o'clock, and people in New York are having breakfast 
at twelve o'clock? 

Does our location in space present fewer problems? Sup- 
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pose, for example, that we are 30,000 feet in the air above the 
Mississippi River at St. Louis, Missouri. This is a long way 
up. If we dropped a kitchen sink from this elevation it would 


take it se seconds to reach the ground, neglecting the 


retarding effect of air resistance. This is about 43 seconds 
or nearly three quarters of a minute. If you mentally drop 
the sink and wait three quarters of a minute while it hurtles 
down through space, the 30,000 feet will seem a very long 
distance. 

We could try to indicate our elevation above the earth’s 
surface with a model. Suppose we use an orange for the 
earth, a good big one, about three inches in diameter. This 
is about 7.9 centimeters and the diameter of the earth is about 
7.9 thousand miles so this gives us a model on a scale of 1 
cm = 1000 miles. On this scale, 30,000 feet, which is 5.68 
miles, will be about 0.006 centimeter since it is 0.006 of 1000 
miles. This is 0.06 millimeter which is about the diameter 
of a thin human hair. Hold a thin human hair close against 
the surface of an orange to appreciate how very close to the 
surface of the earth we are when we fly at 30,000 feet. 

The rate of changing our position in space is our speed. 
But this is the most difficult concept of the three. As we 
have seen, the plane’s speed with respect to the air is usually 
not the same as its speed with respect to the Jand. When 
it is standing at the airport, is its speed zero? Yes, with respect 
to the spot it’s standing on, but that spot is rotating around 
the earth’s axis moving through space at thousands of miles 
per hour. Is it moving relative to other spots on the surface 
of the earth? At first you would say no, since it gets no nearer 
nor farther from them. But suppose you were suspended in 
air at a point over the North Pole, looking toward the United 
States. As the earth turned, the United States would move 
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from your right to your left, while behind your back Siberia 
would move from left to right. Would you say these two 
spots were not moving, relative to each other? 

Is the North Pole, then, stationary? Not with respect to 
the sun as the earth revolves around it in its yearly orbit. 
Is the sun, then, our final frame of reference for motion? 
Is it stationary? The word has no meaning unless you define 
your frame of reference. It is impossible to speak of the state 
of motion of a body without comparing its position to that 
of at least one other body. Is the sun stationary with respect 
to what? In the great vast space of the universe bodies are 
moving with respect to each other. Choose one to use as 
your reference and speak of the motion of the others relative 
to that. The choice is arbitrary; there are no fixed walls to 
the room of the universe. 

During the day the sun is always shining in the stratosphere. 
If you are on the side of the plane away from the sun, you 
can see the shadow of the body of the plane on the wing. 
If the plane is flying very steadily the shadow will be still. 
Note its position precisely and see how straight a course the 
pilot steers. Its position will change very slowly, of course, 
as the time of the day changes, but you may also see it change 
suddenly a small amount to a new position which will then 
be steadily maintained as the pilot resets his course from one 
straight-line air lane to another. 

Today’s airports frequently get so busy that planes have 
to wait their turn to land. Since they cannot hang motionless 
in the sky, the control tower assigns to each plane a race- 
track shaped “holding pattern” in which the plane travels 
lazily. The wide semicircular ends do not require detectable 
banking of the plane, and you may first become aware of 
your reversing route by noticing that you are alternately in 
the sun and in the shade. 
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Where a line from the sun through your head meets a cloud, 
you may see the shadow of the plane, a bright spot, the front 
end of a contrail shadow, or the center of a glory, as described 
in Chapter 5. This line is a reference direction in space which 
shifts only slowly with the passage of time. If the spot on 
the cloud shifts toward the front or the back of the plane 
in a short time, you know that the plane has changed its course. 

At night, above the clouds, the stars are always shining. 
You can use them, just as you did the plane’s shadow, to check 
the plane’s course, especially if you are familiar with the con- 
stellations so that you can note the orientation of the wing 
tip relative to a known group of stars with confidence. 

The stars are not a convenient frame of reference in our 
daily lives. When we are on the surface of the earth, we 
speak of motion relative to the earth’s surface. When we see 
the trees go past the car windows we know we are moving. 
In the air, the far clouds appear almost stationary, but we 
see the near clouds fly past the window. Which way do the 
far clouds appear to move? If you fix your attention on a 
cloud in the middle distance, the clouds beyond it will appear 
to move toward the front of the plane while the nearer clouds 
will appear to move toward the back of the plane. If you 
shift your attention to a farther cloud, then it will become 
the stationary cloud. This is simply the phenomenon of paral- 
lax, which the dictionary defines as “the apparent displacement 
(or the difference in apparent direction) of an object as seen 
from two different points... .”. It is a phenomenon that can 
result in getting different readings from a meter, according 
to the direction from which one views the meter needle against 
the scale behind it. Close your left eye and hold your two 
index fingers up before your face, one finger lined up behind 
the other. Now open your left eye and close your right eye. 
Did the near finger jump to the right or did the far finger 
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jump to the left? The answer will depend on whether your 
attention was fixed on the near one or the far one. 

A stratocumulus cloud layer like that in the foreground 
of Plate XXIX may have gaps in it through which the airplane 
passenger can look down into the ground-floored space below, 
as one might look into a room through a skylight. As shown 
in Figure 33, such a gap will first line up with objects on 
the ground far ahead of the plane (position 1), then with objects 
directly below the plane (position 2), then with objects behind 
the plane (position 3). In other words, the hole, with its sur- 
rounding clouds, appears to move toward the tail of the plane 
relative to the ground below. If you raise your eyes and look 
out over the “cumulus meadows”, as Guy Murchie calls them, 


Figure 33. The appearance of relative motion, due to parallax 
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where the gaps are hidden because of the angle at which 
you are viewing them, the clouds will appear to come to 
an abrupt halt because the parallax effect is missing. Look 
down again and instantly they speed rearward over the ground. 

You can sometimes use parallax to discover that there is 
more than one level of clouds below you; the upper clouds 
speed rearward relative to the lower clouds. 

Little airplanes flying below you always appear to be moving 
toward the rear of your plane, relative to the ground. When 
they are flying in that direction, this makes them appear to 
be very swift; when they are flying in the same direction as 
your plane they seem very slow and may even appear to be 
backing up. When they are crossing the route of your plane, 
they move crabwise! 

People who experience a panic fear of heights when looking 
down from the roof of a tall building commonly find that 
they are not troubled by this sensation in an airplane. It 
is the dwindling size of the window frames all down the side 
of the building that convinces you of your alarming elevation. 
In the plane there is no such array of objects connecting you 
with the ground which is spread out like a picture or a map 
before you. Only when the plane banks for a landing and 
you look out along the steep wing to the tops of near buildings 
may the sensation recur. 

When an airplane is climbing or descending at constant 
speed, you can sense the tilt of it because of your gravitational 
frame of reference. Every body attracts every other body. 
It was Newton who first proposed the hypothesis that all objects 
attract one another with a gravitational force like that existing 
between a falling stone and the earth. All our life long, and 
even before we are born, we are being pulled toward the 
center of the earth by a force which we do not understand. 
“Gravity not only controls the actions’, writes D’Arcy 


Frames of Reference 137 


Thompson*, “but also influences the forms of all save the 
least of organisms. The tree under its burden of leaves or 
fruit has changed its every curve and outline since its boughs 
were bare, and a mantle of snow will alter its configuration 
again. Sagging wrinkles, hanging breasts and many another 
sign of age are part of gravitation’s slow relentless handiwork.” 

The angle by which the plane noses down or noses up is 
called the angle of pitch. Can we measure the angle of pitch 
by using the gravitational frame of reference? 

First we need to know the direction of the earth’s gravi- 
tational force relative to the airplane when the plane is flying 
level. To find this, stand this book upright on the left arm 
of your chair and suspend a key chain or weighted string from 
the corner as shown in Figure 34. (A string could be fastened 
into the book as described on page 77). The weight and 
the earth attract each other. The weighted string points 
toward the center of the earth. If the chair arm is not hori- 
zontal, the position of the string on the bookback goniometer 
scale will not be zero, but it will be the reference reading 
(for level flight) to which later readings will be compared. 
The angle read is the angle of inclination of the chair arm 
when the plane is flying level. Used in this way, the goni- 
ometer could be called a clinometer. 

As the nose of the airplane tilts downward just before land- 
ing, the angle reading will change. If the plane descends 
at constant speed, the difference between the new reading 
and your reference reading will be the angle of pitch of the 
airplane. If the plane accelerates or decelerates, then the 
inertia of the weight on the string will cause it to “hang back” 
or “hang forward” and this effect will modify your pitch 


° On Growth and Form (Cambridge, England, Cambridge University Press, 2nd ed., 
1952), p. 51. 


Figure 34. Using the bookback goniometer as a clinometer 
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measurement. You will not be able to tell how much of the 
angle is due to pitch and how much is due to the inertia 
of the weight during change of speed. (Further measurements 
related to landing are described in Chapter 14.) 

Does the body of the plane on the ground have the same 
orientation as it does in the air or is its nose higher as it stands 
at the airport? We can determine this by comparing the 
reference reading of the clinometer on the ground with the 
reference reading when the plane is flying level. The reference 
reading on the ground can be useful to us. It enables us to 
use the instrument as an accelerometer, to measure the acceler- 
ation of the plane independent of its pitch. 

Take a reference reading when the plane is on the ground 
and standing still. With the instrument in the same position 
(the book being on the left arm of the chair as in Figure 34 
and parallel] to the windows of the plane, with the chain or 
weighted string hanging from the corner), read the position 
of the string as the plane speeds up (accelerates) along the 
runway before taking off. How can we use this angle to de- 
termine the acceleration of the plane? 

The force of gravitational attraction between any body and 
the earth causes that body to accelerate as it falls toward 
the center of the earth unless it is prevented from doing so. 
The propelling action of the jet motors or of the propellors 
causes the plane to accelerate forward and the weight on 
the string lags because of its inertia. The angle between your 
reference reading and the position read during acceleration 
measures the ratio of these two accelerations to each other, 
as shown in Figure 35. The tangent of that angle is the ac- 
celeration of the plane, a, divided by the acceleration due 
to gravity, g, which is known to be 32 feet per second per 
second or 32 ft./sec.? or about 22 miles per hour per second. 
Since we are interested in how much the plane’s speed (in the 
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familiar miles per hour) changes in each second of travel 
down the runway, it will be more meaningful to use the 
hybrid unit, mph/sec. 


Figure 35. Using the bookback goniometer as an accelerometer 
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Suppose your angular-difference reading, A, is 16° 


a __ acceleration of the plane 


ORAS 
g gravitational acceleration 


a=gtanA 
a = 22 tan 16° = 22 x .287 (from Table 2) 
a = 6.3 mph/sec. 


If the plane continues to accelerate at this rate for fifteen 
seconds, at the end of that time it will be going 15 x 63 
mph faster than it was at the beginning of that time, or 94.5 
mph. 

Are these figures probable? Could the plane take off at 
ninety-four miles per hour? How long does a plane continue 
to accelerate along a runway? Could you detect the effect 
when the front wheels leave the ground before the rear wheels 
do? These questions can be answered by measurements that 
you can make as the plane accelerates down the runway. 
When it takes off, the effect of the angle of pitch will be 
added to that of the acceleration and you will not be able 
to separate the two effects from each other. 

Figure 36 is a graph of acceleration (a) in miles per hour 
per second versus the angle A, measured with the accelerome- 
ter. Note that the acceleration in these units is approximately 
equal to four-tenths of the numerical value, in degrees, of 
the measured angle, A. The graph is not a straight line and 
this relationship is only approximate, but you may wish to 
keep it in mind as you make the measurement. 

When you are flying at moderate altitudes at night and 
there are no stars and you cannot see the ground, how do 
you know you are moving? If there is no change in the plane’s 
velocity, no acceleration or deceleration upward or downward 
or sideward or in the direction of flight, you have no way 
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of knowing. If you were to drop a ball in the airplane, it 
would not lag behind because it would leave your hand with 
the same forward velocity as that of the plane itself and there 
would be no force on it in a backward direction to slow it 
down. “Every body perseveres in its state of rest, or of uniform 
motion in a straight line, unless it is compelled to change 
that state by forces impressed thereon.” This is Newton's 
first law of motion which we came upon in the first chapter 
of this book where we found that we sensed the change in 


Figure 36. Graph of acceleration versus angle A 
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velocity of the plane because of the inertia of our bodies. 
Inertia gives us a frame of reference that stays with us when 
we cannot see the ground, the clouds, the sun or the stars. 
In the blackest night, when the airplane changes its velocity, 
we know it because of our inertial frame of reference. 

The term velocity, as used by the physicist, refers not only 
to speed, but also to direction and it is used in this sense 
here. A change in direction of the airplane’s course, even 
if the airplane maintains constant speed, is felt because of 
the inertia of your body. Forces must be exerted on it to 
change its direction of motion. If we could measure these 
forces accurately, we would know accurately what changes 
in the speed and direction of motion of the plane had taken 
place. By knowing the duration of the change and the length 
of time between changes, we would be able to plot its whole 
course, provided we knew where it started. 

Just such an inertial navigation system is soon to be in use 
in commercial airplanes. Produced by the Sperry Gyroscope 
Company in 1966 for Pan American World Airways, it consists 
of gyroscopes as the inert masses, very sensitive accelerom- 
eters which measure the forces on the inert masses that occur 
whenever there is a change of velocity, a clock, and a digital 
computer to keep track of everything. The initial latitude 
and longitude of the plane are recorded in the computer, 
given in degrees, minutes and tenths of minutes. From that 
point on, the accelerometers measure all changes relative to 
the inertial frame of reference (which is maintained by the 
gyroscopes), the clock measures the time during changes and 
between changes. From these data the computer calculates 
continuously the latitude and longitude of the airplane and 
displays this information to the pilot and copilot. 

The accelerometers which are measuring changes of velocity 
in the horizontal plane by the very small forces produced 
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must not be allowed to tilt at all, for then they would include 
some of the gravitational force in their measurements. The 
gyroscopes must maintain a “‘stable platform” perpendicular 
to the gravitational] attraction of the earth and with a fixed 
orientation around this direction as an axis. This establishes 
the inertial frame of reference, relative to which the airplane’s 
movements are measured. 

An interesting problem is posed by the fact that the takeoff 
point and destination of the plane are constantly moving as 
the earth moves. Suppose a plane starts northward from the 
equator to reach a destination due north from its starting 
point. Every point on the equator is moving eastward at 
more than 1000 miles per hour as the earth’s rotation causes 
it to move along a 25,000-mile circle in 24 hours. So the 
airplane is moving eastward with the earth at this velocity 
when it starts. Farther north, points on the surface of the 
earth move along smaller circles during the 24-hour rotation, 
so if the plane does not change its crabwise eastward velocity 
it will arrive east of its intended destination. The farther 
north it goes, the greater the correction required. From the 
pilot’s point of view, he must keep turning a little toward 
the west in order to travel due north. The plane follows 
a curved path relative to the inertial frame of reference in 
order to follow a straight path relative to the surface of the 
earth. The inertial navigation system stores the necessary 
information in the computer and it is taken into account when 
the computer reports the latitude and longitude. 

Each of us carries within his own head a device which 
enables him to detect the motion of the head with respect 
to an inertial frame of reference. Part of it enables us to 
detect rotational acceleration and part of it enables us to detect 
changes in translation, displacement without rotation. Both 
parts belong to the structure of the ear. 
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The so-called semicircular canals are three interconnected 
tubes (Fig. 37) of membranous material supported by a bony 
structure of the same shape. There is a fluid inside the mem- 
branous tubes as well as between them and the bony walls 
that surround them. When the head is turned the fluid lags 
behind, due to inertia. The motion of the tubes relative to 
the fluid is detected by the nerves distributed along the walls 
of the tubes. The canals lie approximately in three mutually 
perpendicular planes so that each is well suited to detect 
changes in rotation around a particular axis. Figure 37 shows, 
for example, that the lateral canal is best suited for detecting 
changes in rotation around a vertical axis (an axis parallel 
to the long direction of the page) since, for such rotation, 
the motion of that tube along its own length is a maximum, 
relative to the inertial fluid. The other canals detect changes 


Figure 37. The semicircular canals of the ear 
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in rotation around two horizontal axes and all rotations can 
be resolved into these three components of rotational motion. 

A purely translatory acceleration, as when the whole head 
starts to move forward without turning, cannot be detected 
by the semicircular canals. Although the fluid in each limb 
of the curved tube tends to lag when the tube starts to move 
forward, the motions in the two limbs oppose each other, 
one being clockwise and the other counterclockwise. The 
fluid is so incompressible that it does not squeeze down to 
the back end of the canal when the head moves forward. 

To detect translatory acceleration we need objects in a con- 
tainer, like people in an airplane, that will lag behind when 
the container accelerates forward. The little sac or saccule 
of the ear (Fig. 37) contains a gelatinous substance in which 
are suspended some solid particles of calcium carbonate which 
perform just this function. The utricle is similarly equipped. 
From the walls of these pouches tiny hairs interspersed with 
unsheathed nerves detect the motion of the solid particles 
relative to the walls of the sacs. When the head accelerates 
forward, the little solid particles lag behind a bit and the 
detecting nerves inform the brain that a forward acceleration 
is taking place. 

Our built-in inertial guidance system, like that designed 
for airplanes, depends on one part lagging, due to inertia, 
relative to another part. It can therefore only detect change 
of velocity, not constant velocity, since without change all 
parts are moving ahead together and there is no motion of 
one part relative to another. A blindfolded man, being kid- 
napped, cannot tell how fast his abductor’s car is going, but 
he can tel] how many left and right turns it makes. He lacks 
the recorder, the clock and the computer of the complete 
guidance system, but he can detect motion relative to an iner- 
tial frame of reference. 


10. Rock Structures 


“AERIAL PHOTOGRAPHS today are widely used to obtain both 
qualitative and quantitative geologic information ...” So 
begins Geological Survey Professional Paper 373, Aerial Photo- 
graphs in Geologic Interpretation and Mapping by Richard 
G. Ray, published by the United States Government Printing 
Office in Washington in 1960, and a big bargain at $2.50 with 
nearly 100 aerial photographs and interpretative captions. 

To see why today’s geologists take to the air we need to 
review briefly how rocks are formed. When molten rock deep 
within the crust of the earth becomes cool enough it crystal- 
lizes, just as molten ice from the water faucet crystallizes 
when it is cooled in the freezer. The geologist calls the molten 
rock magma, which is an old word for porridge. 

The solid crystalline rock formed from magma is called 
igneous rock and there are many different kinds with different 
colors and textures according to the composition of the magma 
and its rate of cooling. If it pours out on the surface it is 
called lava. Lava commonly cools so quickly that the atoms 
don’t have time to get into the orderly arrangements that 
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characterize those solids that we call crystals, so volcanic glass 
is formed. This is one of the few naturally occurring noncrys- 
talline solids. If the magma cools more slowly, below the 
surface, crystals grow, neighboring crystals being separated 
from each other by irregular boundaries, as one can see in 
so many examples of polished igneous rocks used for decorative 
trim at the street level of our large buildings. All crystals 
that form naturally (as contrasted with those grown in the 
laboratory) are called minerals. 

Since the land is constantly being worn away, mostly by 
the action of running water carrying sediments, but also, to 
a much lesser extent, by the action of wind and ice, these 
igneous rocks ultimately become exposed at the surface. Frost 
action, plant action and chemical attack (oxidation, hydration 
and the forming of carbonates by reaction with the atmosphere) 
break them down into particles which can be carried by water. 
Even the general movement of rainwater down a slope where 
no stream valley exists results in the transfer of particles 
downward. Swiftly moving streams can carry large particles 
along with smaller ones. If the velocity of the water decreases, 
as it does when it enters a lake, it can no longer carry its 
load and will deposit it, dropping the coarser particles first 
and the finer particles as it slows down still more. The finest 
silt will settle slowly to the bottom. Sediments deposited 
in this way in lakes and bays and seas over millions of years 
have become cemented into sedimentary rocks, whose layered 
structure and sorted grain-size attest to their water-borne 
origin. Both sedimentary and igneous rocks may become 
modified by heat and pressure and the great variety of solutions 
that permeate the earth’s crust. Rocks thus changed in form 
are called metamorphic rocks. 

A skilled geologist, trained in the interpretation of aerial 
photographs, can distinguish each of these types and their 
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structural relations from favorable photographs, but even the 
most unskilled amateur can spot some of them from the air. 
In Plate XVII the rejuvenated Little Colorado River is cutting 
down through rocks that can be seen as horizontal ledges along 
the side of the river. From the top of the ledges nearest 
to the river, a broad gentle slope extends back on either side 
to more ledges, just like those near the river, but higher and 
farther back. The broad area must have been the vallev floor 
at an earlier time when the river in its various meandering 
positions cut against the front surfaces of the higher ledges 
as it is now cutting the lower ones. 


Figure 38. Diagram suggesting geologic structure near Cameron, Arizona 
(The stippled layers are those more resistant to erosion) 


If we were to cut a vertical slice through the land, from 
left to right across Plate XVII, about three-quarters of the 
way from the bottom of the photograph (passing through the 
Little Colorado River where it shows a small white triangle 
of reflected light), the structure of the rocks we could then see 
would probably look much like the diagram in Figure 38. 
Where there are gently sloping eroded surfaces, the rock is 
less resistant to erosion by the river. Cliffs mark those rocks 
that were more difficult to erode. The matching layers on 
opposite sides of the river and the continuity of ledges along 
the river are evidence of the horizontality of the rock layers. 
Clearly they were continuous before they were worn away 
by the river. These are sedimentary rocks, formed from sedi- 
ments that settled in waters that covered this region long 
before the existence of the present rivers. 

If you could inspect these rocks at close range you would 
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find them made up of layers of particles, sorted by the carrying 
power of the water so that any one layer consists of particles 
of uniform size. From the air this layered sorting shows up 
as slight differences in shade. On the small low hill just back 
from the inner gorge of the river on the left (A, Fig. 38), 
the photograph shows curving bands of light and dark rock 
where the edges of the horizontal beds crop out at the rounded 
surface of the low hill. Compare the similar curving of the 
horizontal crop strips on the low hill in Plate XXXVIII. 

In the vicinity of Redford, Texas, near the Rio Grande River 
the pattern of the outcropping edges of the horizontal beds 
gives the airplane passenger a detailed contour map of the 
region (Plate XXX). Figure 39 may help you in the interpre- 
tation of Plate XXX. In it, the broken lines represent the 


Plate XXX. The Rio Grande near Redford, Texas 
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edges of selected horizontal sedimentary-rock layers in the 
photograph; solid lines represent stream valleys in the photo- 
graph and the double line represents the lonely road across 
the flat upland between the valleys. At the bottom of Plate 
XXX, in the center, two short streams flow out of the photo- 
graphed area. Follow the right-hand valley upward to its 
dark pointed end and see how the band of the rock outcrop 
beyond it bends sharply away from this point where the head- 
waters of the stream have eaten back the land. The headwaters 
of the little stream on the left have three well-defined branches, 
tributaries eating their way into the flat divide that separates 
these valleys from those at the extreme left. 

Not all sedimentary rocks occur in horizontal beds. The 
slow inexorable motions of the earth’s crust, whose causes 


Figure 39. Sketch of Plate XXX (Double line represents a road; single 
lines, streams; broken lines, edges of sedimentary rock layers) 
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are even now not well understood, have resulted in folding 
and cracking of the originally horizontal layers after they had 
become “rigid” rocks. Rocks that will break if struck suddenly 
with a hammer can be folded without breaking by forces ap- 
plied over long periods of time, just as a glacier will slowly 
flow down a valley. If you try to bend a candle in your hands 
you will break it, but if you lay the candle on a shelf, with 
nearly half of it extending beyond the edge of the shelf and 
leave it for a few weeks, it will bend under its own slight 
weight. 

Folding of rocks, raising and lowering of the land relative 
to sea level, metamorphism of rocks — these changes are going 
on today beneath our very feet without our being aware of 
them except when a slight slipping occurs along some break 
in the rocks. Only then do we sense an earthquake. 

When folded sedimentary rocks are eroded, they may show 


Plate XXXI. Pitching anticline, eroded 
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clearly to the airplane passenger the nature of their structure. 
In Plate XXXI, for example, the differential erosion of layers 
of different resistance shows us that the layers were deformed 
into a fold which was higher in the middle, a fold which the 
geologist calls an anticline. A fold that is lower in the middle 
is called a syncline. 

If we again made a vertical cut down into the earth as 
with a giant knife, slicing from left to right just above the 
center of the photograph, we would have a cross section of 
the structure of the folded layers that would probably look 
rather like Figure 40, in which, however, the vertical scale 
is exaggerated. We can easily imagine how each folded layer 
must have been continuous before a portion of it was removed 
by erosion. The missing part of the structure is shown by 
dashed lines in Figure 40. 

The whole great fold pitches downward away from us in 


Figure 40. Diagram suggesting geologic structure of anticline shown in 
Plate XXXI 
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the photograph. The clearest evidence of this is the curved 
outcrop of the thin light-colored layer which turns sharply 
near the top of the photograph. (Figure 41 is a diagram of 
a folded piece of paper pitching downward to the right. 
The upper part of the paper has been cut off by scissors, leaving 
a curving edge, just as the folded rock layer was worn off 
by erosion, leaving a curving edge.) In Plate XXXI the narrow 
light-colored rock layer forms a low ridge (B in Fig. 40). 
Streams have eaten through it in places. At the right of the 
picture the sediments that choke these streams hide the light- 
colored layer where they cross it. 


Figure 41. Diagram of a folded piece of paper pitching downward to the 
right 


To the left of the low light ridge is a lower broad area 
with many streams running across it. It must be underlain 
by less resistant rock than the low light ridge on the right 
or the steep sharp rock layers to the left of it whose edges 
cast black shadows on the low broad area. This sharp ridge 
is labeled A in Figure 40. It, too, is cut by valleys, steep-sided 
ravines whose headwaters are gullying the right flank of the 
main mountain ridge. 

By following the outcrop of the layers around the nose of 
the fold in the distance, we can see which left-dipping beds 
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on the left are the continuation of which right-dipping beds 
on the right. It is easy to spot the narrow, light-colored bed 
B in the upper left corner and the broad unresistant layer 
inside (and therefore below) it, but it is harder to recognize 
the left-dipping layers of bed A because they do not stand 
up as a ridge on the left side of the mountain, but parallel 
the slope of the mountain at a somewhat less steep angle, 
overlapping, one on the other, in slabby sloping steps (Fig. 
40). 

Perhaps this more resistant layer is now protecting the left 
side of the mountain from being eroded away as badly as 
the right side has been. There is more vegetation on the 
right side. Perhaps more rain falls there, or protection from 
the afternoon sun may result in less loss of water to the air. 

Recall that these layers were originally laid down horizon- 
tally, each bed of sediments on top of the one previously de- 
posited, that they were then cemented into rock. With these 
facts in mind it should be possible to tell which of the rock 
layers exposed in Plate XXXI is the oldest and which the 
youngest, the most recently formed. 

Flying over less arid country, one seldom finds the structure 
of the rock so bared to view. In humid climates the processes 
of chemical weathering decompose the exposed rock and the 
decomposed rock supports vegetation which in turn decom- 
poses to give humus to support more vegetation. 

In the Appalachian Mountains, however, from eastern 
Pennsylvania to Alabama, even the thick cover of trees and 
shrubs cannot hide the curving ridges of the pitching anticlines 
and synclines. The gentler slopes parallel to the sloping layers 
of the beds and the cliff-like slopes marking the eroded edges 
of the beds are best detected when the sun is low. 

It is difficult to recognize the relief, the ups and downs 
of the surface of the earth, from an airplane. The irregularities 


156 Science for the Airplane Passenger 


appear to flatten out because our eyes are so close together. 
When an object is near you, your left and right eyes see it 
from different directions. Your depth perception depends 
on the comparison of the two different images. When you 
look at features thousands of feet away, your left and right 
eyes see them from almost the same direction and the two 
images are so nearly the same that you cannot derive depth 
information from them. 

Sometimes there are hints about the relief. When a road 
zigzags back and forth, for instance, it is climbing a very steep 
hill. When a stream is white and the weather is not cold 
enough for ice nor dry enough for salt deposits, the whiteness 
must be due to rapids in a steeply falling stream. In a region 
of tilled fields or housing developments, a strip of woodland 


Plate XXXII. A pitching anticline in the Appalachian Mountains near 
Harrisburg, Pennsylvania 
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may mark a slope too steep to plow or build on (Plate XXXII). 

Water reliably gravitates to low spots. A little pond or 
even a damper area in a field will tell you that that spot 
is lower than its surroundings. Plate XXXIII shows an area 
in Kentucky peppered with small pits which show as little 
ponds and damp spots. Such karst topography results from 
solution of an underlying layer of limestone. Limestone is 
composed of calcium carbonate which is slightly soluble in 
rainwater and groundwaters. In humid climates it is not only 
worn away more easily than other rocks are but it is also 
eaten away by solution, so the land surface that it underlies 
has a moth-eaten appearance. 

In mapping topography, the shape of the surface of the 
land, the aerial photographer takes two photographs of the 


Plate XXXIII. Karst topography, indicating that the bedrock is limestone, 
near Flaherty, Kentucky 
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same area from two widely spaced positions and subsequently 
views one print with the left eye and the other with the right 
eye, as in the old-fashioned stereopticon viewer. Techniques 
have been developed for making accurate topographic maps 
from such stereoscopic pairs of photographs. 

A flight over the island of Hawaii may afford a magnificent 
opportunity to see beds that have been built up by successive 
outpourings of lava so that they resemble sedimentary rock 
layers. Plate XXXIV shows Kilauea in the foreground and 
Mauna Kea in the background. The lighter rocks are older 


Plate XXXIV. The crater of Kilauea in the foreground, Mauna Kea in the 
background, Hawaii. 
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lava that has been weathered by exposure to the atmosphere. 
The dark lava in the circular pool (now hard rock) is from 
eruptions that took place in 1952 and 1954. To the right 
of the dark pool a fissure opened in 1954 and let the dark 
lava flow out across the surface of older lava beds. 

In times past the central region of the summit of Kilauea 
has slumped, breaking loose from the surrounding rocks. The 
cliffs surrounding the large central basin show where the break 
occurred. 

One could go on through many pages, picking special fea- 
tures like the lava flows of Kilauea and the karst topography 
of Kentucky that can best be seen from the air. John Shelton 
has done this for over four hundred pages with nearly four 
hundred illustrations in a book called Geology Illustrated.° 
Many of the illustrations are aerial photographs which could 
well convince the student of geology that most of his classes 
should be conducted on an airplane. 


*(San Francisco, W. H. Freeman and Company, 1966.) 


Il. Vegetation 


WuatT Grows where and why? Figure 42 shows the distribu- 
tion of the major vegetation regions in the 48 contiguous states 
and part of Canada, and Figure 43 shows a more detailed 
subdivision into types of vegetation. 

Plants need water and nutrient materials, the right amount 
of sunlight and suitable temperatures. The fact that different 
amounts of water, nutrients, sun and warmth are required 
by different types of plants results in the distribution shown 
on the maps. All this is the province of ecology, that branch 
of biology that deals with the relationships between organisms 
and their environment. 

Within the broad vegetation-type regions shown in Figures 
42 and 43, the airplane passenger can distinguish micro- 
regions that differ in vegetation because of local environmen- 
tal differences. You may be able to discover the causes of 
those differences. 

In semi-arid regions where the climate will just barely allow 
the growth of some plants, small differences in the amount 
of water may be a life-and-death matter. In some places 
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the north slopes of hills are green and the south slopes barren, 
due to the difference in the angle at which the sun’s rays 
fall on the surface. Everywhere north of the Tropic of Cancer 
the sun is always in the southern sky during the middle part 
of the day. This means that the sun’s rays fall more nearly 
perpendicularly on the south-facing slope of a hill than they 
do on the north-facing slope. A beam of light must spread 
its energy over a greater distance on the north-facing slope 
than a beam of the same width falling on the south-facing 
slope. In this way the southern slope gets more heat per 
square inch from the sun than the northern slope does. In 
hot, semi-arid regions, therefore, the south-facing slopes may 
become too hot and dry to support vegetation that can survive 
on the north-facing slopes. In very cold regions, however, 


Figure 42. General vegetation regions of the 48 contiguous states and part 
of Canada 
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some plants can get through the winter on a southern slope 
that could not survive on the colder northern slope. 

Plate XXXV shows three tributaries flowing westward to 
join a major stream in central Idaho. The tributaries are 
separated from each other by ridges. Immediately south of 
each stream the trees begin and continue up the north-facing 
slope of the ridge until, near the top, they find conditions 
too dry to support growth. On the south-facing slopes of 
the ridges vegetation is sparse or lacking altogether. 

Where the prevailing winds are from the west and bring 
moisture, the western slopes of a mountain range may be cov- 
ered with vegetation and the eastern slopes barren because 
they lie in the “rain shadow”’ of the mountains. The mois- 
ture-laden air goes up the west side of the hills, is cooled 
adiabatically (Chapter 6), and the moisture condenses as dew, 


Figure 43. Characteristic types of vegetation in the 48 contiguous states 
and part of Canada. Right: Key to this map. 
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mist, or rain, making plant growth possible. As the air moves 
down the other side of the mountains it becomes warmer, 
its relative humidity decreasing rapidly. Not only does it 
seldom contribute moisture to that side of the mountains, but 
most of the time it takes up moisture. 

Plate XXXVI shows an area just north of Sun Valley, Idaho, 
that illustrates this effect. Again, north is at the top of the 
picture. Near the left edge of the picture is a sharp ridge 
with bits of snow lingering along its top. Since the east side 
of the ridge is better lighted than the west side, the picture 
must have been taken in the morning. At the foot of this 
slope the Big Lost River of Idaho flows north. To the right 
of the river the west-facing slope is covered with trees which 
cast much longer shadows than the trees on the east-facing 
slope because of the direction from which the sun’s rays are 
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coming. Here, clearly, the western slopes are more favorable 
for the growth of trees. 

In much of the southwestern United States trees grow only 
along the rivers where their roots can reach below the water 
table, the level of saturation of the soil. Many of these trees 
are cottonwoods. In such country the hills are usually sparsely 
dotted with small shrubs (Plates XXX, XXXI). In the north 
these are commonly sagebrush, in the south, creosote bush. 

In farming country the banks of streams may be lined with 
trees for a different reason. The farmer can hardly plow right 


Plate XXXV. Vegetation on north-facing slopes, central Idaho 


Plate XXXVI. Vegetation on west-facing slopes 


near Sun Valley, Idaho 


= 


I. ¢ 


166 Science for the Airplane Passenger 


down to the edge of the water. The edge of the field stops 
where the slope of the river bank begins (Plate X). 

It is not always so that there are more shrubs and trees 
where there is more water. In Plate IX most of the area 
is covered with salt-marsh grass. Shrubs and trees can only 
grow on the higher land that is better drained and not saturated 
with salt water. 

Flying over wooded land, the average airplane passenger 
probably finds difficulty in distinguishing maple trees from 
oak trees, for example, and perhaps even in distinguishing 
the evergreens from the deciduous trees. As summer gives 
way to fall, some of the wooded areas take on significant color. 
In parts of the northeastern United States the wooded valleys 
become brilliantly colored because of the water-loving maples, 
while the hilltops turn brown because the oaks, which can 
tolerate a smaller supply of water, grow on the higher (and 
therefore drier) places and turn brown in the fall. The western 
cottonwoods, growing along the streams, turn bright yellow 
in the fall. 

At this season, too, the cultivated fields change their appear- 
ance rapidly as the harvest is reaped. In some regions 
cornfields show an orderly array of dots which are the stalks 
of corn gathered neatly into shocks, leaning together in tepee- 
like bunches to dry out. 

In winter, when snow is on the ground, it shows through 
the bare branches of the deciduous trees except for the oaks 
which cling to their brown leaves until spring. Brown patches 
of oak trees hide the snow as well as do the dense evergreen 
woods. 

Rocks and roads and water and clouds may be very similar 
from one trip to another, whether in spring, summer, or fall. 
It is the ever-changing vegetation that gives variety to repeated 
trips over the same route. 


12. Man-made 
Structures 


PEOPLE build puddles of buildings at the intersections of major 
transportation lines. Fingers of population reach out along 
the roads from town, dwindling as the distance from town 
increases. One of the best ways to appreciate man’s achieve- 
ments in adapting to and controlling his environment is to 
get a bird’s-eye view of them from the air. If man lived 
only where he could be comfortable without shelter, be fed 
from what grew naturally around him, and move from here 
to there without clearing a way, his distribution on the face 
of the earth would be very limited indeed. 

In the big cities he has huddled together so closely that 
he has piled himself on top of himself to great thicknesses. 
From the air you can watch the average height of the buildings 
decrease as the distance from the center of the city increases: 
skyscrapers at the center, lower office buildings and apartment 
houses around the outside, ranch houses in the suburbs. Do 
big cities engender a cluster of smaller communities around 
them, identifiable from the air as separate units, or do they 
just dwindle off into the countryside in all directions? Are 
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inter-town distances directly proportional to the sizes of towns: 
big towns far apart, middle-sized towns at intermediate dis- 
tances, and small towns relatively close together? These are 
questions you can best answer from the air. 

In an area where the houses are close together, you will 
sometimes see patches of woods. For some reason this patch 
is unused, probably unusable, for housing. The land is too 
steep, too rocky, or too wet. There may be other clues from 
the surroundings that will tell you which of these characteristics 
explains the presence of the wooded patch. 

In country that is intensively farmed, wooded patches also 
mean areas that are too steep, too rocky, or too wet. Such 
patches may be seen in the farmed land shown in Plate 
XXXVII. The roughly triangular area near the right edge 
of the picture has probably been left unplowed because it 


Plate XXXVII. Strip-cropping in northern New Jersey 
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is too wet, judging from the fact that the neighboring plowed 
strip shows dark wet spots. In this picture, the white strips 
are plowed land not yet covered by vegetation, the coarse- 
textured gray strips are young corn and the fine-textured gray 
strips are a cover crop such as alfalfa. This method of farming, 
which is known as strip-cropping, makes spectacular patterns 
for the airplane passenger. It is done to minimize removal 
of the soil by surface run-off water. Open crops, such as 
corn, that leave exposed soil between the plants, permit the 
removal of a little of this soil every time the rain falls. If 
the neighboring strip of soil bears a crop of tightly intergrown, 
surface-covering plants, such as alfalfa or hay, the motion 
of the water will be checked there and it will drop the bits 
of earth that it is carrying instead of removing them from 
the field altogether. 


Plate XXXVIII. Contour strip-cropping on a low hill 
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Since the water trickles down the slope of land, the strip 
boundaries should be across the slope of the land, at right 
angles to the direction of the moving water. Since this will 
be the horizontal direction, the strip boundaries stay at uniform 
level, just as the lines on a contour map do. To do this, they 
must curve outward around the nose of a hill and inward 
(upstream) where they cross a valley. Where the plowed 
strips form closed loops, as in Plate XXXVIII, you are looking 
down on a rounded hilltop. In Plate XXXIX a little valley has 
been dammed to form a silt-catching pond. In the middle 
of the picture, on the right, the curving level strips indicate 
that there is a gentle slope upward toward the right. Farther 
back, toward the left, the curving strips indicate that the land 


Plate XXXIX. Strip-cropping and a silt-catching pond 
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slopes upward toward the left. In between is the valley, with 
a small wooded area probably indicating land too wet to farm. 
The straight strips in the foreground of Plate XXXIX do not 
appear to conform to the contour plan of plowing, if indeed 
the land slopes toward the body of standing water. But per- 
haps the sandy bank near the water is steep and the field 
is in fact level. If the bank were steep it would appear to 
change in width as you flew over it. 

In very flat country, you may sometime see a spirally plowed 
field (Plate XL). By starting at the center and plowing on 
an ever-increasing radius of curvature of the furrow, the farmer 
shifts the soil a bit toward the center of the field each time 
he plows. As a result the field becomes very slightly higher 
in the center so that it drains better after a heavy rain. 

In 1940 an ingenious young farmer named Frank Andrew 
devised a way for the tractor to plow his field spirally without 
a driver. The tractor was guided automatically by means 
of a stainless steel piano wire attached to the tractor guide 
bar. The tension was adjustable by means of a spring on 
the tractor. The other end of the wire was attached to a 
drum firmly positioned in the center of the field. Each time 
the tractor went once around the field, one turn of the wire 
was unwound from the drum, letting the tractor out to a larger 
curving path. The circumference of the drum was chosen 
to be just the same as the width of the implement used, whether 
plow, disc or cultivator, so that the tractor path was shifted 
by the right amount. For double harrowing, he could start 
the tractor at the center of the field with the wire just the 
right length so that it would complete its unwinding when 
the tractor got to the outside of the field. As the tractor 
continued on around its path, the wire would start to wind 


up again and the tractor would spiral in to the center of the 
field. 
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The operation may be done at night or when the farmer 
is away if he puts just enough gasoline in the tank of the 
tractor to last for the duration of the job. On large level 
farms, where manpower is at a premium, you may still find 
Mr. Andrew’s ingenious device in use. Mr. Andrew himself 
is now Professor Andrew of the Department of Agricultural 
Engineering of the College of Agriculture of the University 
of Illinois. 

The circular fields are increasing in number across the 
country. As you view them from the air, look for a thin radial 
line extending from the center to the rim. It is a water- 
carrying pipe which rides on big wheels and rotates around 
the center point, sprinkling the field. 

Rows of shrubs and small trees separate the fields in the 
area shown in Plate XXXVIII. Wherever the last ice sheet 
scattered across the land its heterogeneous load of stones and 
boulders, you will find such hedgerows between the fields. 


Plate XL. Spiral plowing in southern Illinois 
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The farmer had to remove the boulders from his fields in order 
to till them and plant his crops. He piled the rocks along 
the boundary of the field and there the shrubs and trees have 
grown up among them. Such stone walls with their shrubs 
and trees trap the drifting snow in the wintertime so that, 
as the snow melts away from the open areas, the drifts along 
the stone walls remain as white borders to the brown fields. 
Flying over such areas as Oklahoma and Arkansas, which were 
never covered by the continental ice sheet with its load of 
boulders, you will see hundreds of square miles of farmland 
spread out below you in an orderly, checkered pattern, field 
adjoining field with no hedgerows between them because no 
glacially deposited boulders had to be disposed of by the 
farmer. 

The orderliness of arrangement of the plains from the Ap- 
palachian Mountains to the Rockies is evident not only in the 
patchwork of cultivated fields, but also in the straight roads 
that meet at right angles. These have an interesting history 
that dates from 1785 when the Northwest Territory was sur- 
veyed and a great rectangular network of reference lines was 
established. Working from certain arbitrarily chosen “Princi- 
pal Meridians” and certain “Base Lines” perpendicular to 
these meridians, the surveyors undertook to lay out the bound- 
aries of a great number of six-mile-square townships. The 
boundaries were of course parallel to the meridians in the 
north-south direction and to the Base Lines in the east-west 
direction. It is these surveyed boundaries that govern the 
pattern of the roads throughout the north-central United 
States. 

One difficulty encountered by the surveyors arose because 
of the inescapable fact that meridians of longitude converge 
northward in the northern hemisphere, meeting at the North 
Pole. The width of each township at the Base Line was six 
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miles, but about four rows of townships north of the Base 
Line, the width had become appreciably less than this, as 
shown in Figure 44. Something had to be done if the townships 
were to be made approximately six miles square. What the 
surveyors did was to start over again at a second line, parallel 
to the Base Line, but about four townships north of it, meas- 
uring out the six-mile intervals for the townships along this 
line as they had along the Base Line. This second line was 
appropriately called a “correction line.” It resulted in the 
offset of the boundaries shown in Figure 44. When roads 
were built, they followed the township boundary lines, jogging 
where they jogged at the correction lines. Although many 
of these have been smoothed into gentle curves for today’s 
traffic, you can still see from the air some of the correction-line 
jogs in the roads between Pittsburgh and Denver. 

Just west of Chicago, where most of the small towns have 


Figure 44. The six-mile-square townships and a correction line. 
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their rectangular street systems neatly aligned with the north- 
south, east-west grid, there is one with an orderly rectangular 
street system cocked at an angle of fifteen or twenty degrees 
to the grid. Peering through the haze to seek an explanation 
for this irregularity, I soon found it. The railroad tracks had 
determined the orientation of the town’s streets. The inhab- 
itants, used to rectangular street systems, had built such a 
system parallel and perpendicular to the railroad tracks around 
which the town developed, even though this meant making 
many awkward intersections with the adjoining north-south 
and east-west roads. 

In hilly country, roads, like railroads, take advantage of 
the work of grading that the rivers have performed. Pick 
a road below you and see whether you can tell why it goes 
where it goes. Some roads curve to get to a desired place; 
some roads curve to avoid something. Present-day superhigh- 
ways, built with the aid of powerful machines which channel 
through the hills and fill up the hollows, have no sharp curves 
except their cloverleafed interchanges. You may be able to 
tell by the radius of the cloverleaf whether the speed limit 
on the highway below you is 50 or 65 miles per hour. 

In Plate XLI we see a broad cleared strip through the 
woodland. Is it construction for a superhighway or is it a 
power line strip? By comparison with the two-lane road in 
the foreground, we can see that it is about four lanes wide. 
It progresses in a straight line across the land to the middle 
distance where it turns sharply and then progresses in a straight 
line again. This marks it as a power transmission line. (If 
you look closely you may be able to see the towers with their 
short dark shadows, but these are often invisible from the 
air.) Highways are built with smooth open curves for long 
range visibility and minimum skidding when the roads are 
wet. 
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Why doesn’t the power line curve smoothly? Where the 
power line runs straight, the horizontal components of the 
pull of the wires on the opposite sides of any tower exert 
equal and opposite forces on the tower and do not tend to 
tip the tower over. Where the direction of the power line 
changes, there is a resultant force toward the inside of the 
bend that has to be balanced by a force pulling the tower 
toward the outside of the bend. This force is generally applied 
by strong cables attached to firm bases near the tower. This 
special construction for a tower “on the corner” is more costly 
than the standard construction of a tower in the straight part 
of the line. A gradual curve would require several such towers, 
a single sharp bend requires only one. For this reason power 
lines, unlike highways, have sharp bends. 

The broad clearing around the transmission line is necessary 
because the electric power is being transmitted at high volt- 
age. If you have walked across a carpeted room on a cold 
dry day and felt the shock of the transfer of electric charge 
when you came close to a metal doorknob, you know that the 
charge can jump a short distance. It does so because there 
is a difference in charge between you and the doorknob. 
This difference is measured in volts. When the difference 
is great, as it is when the voltage is high, the charge can leap 
a long way. Much cheaper installations could be built if the 
power were carried at lower voltage, but there is a good reason 
for high-voltage transmission. When electric current is carried 
by a wire, some energy is lost to the wire in the form of 
heat. The amount of energy so transferred is proportional 
to the resistance of the wire multiplied by the square of the 
current carried. It is obviously desirable to keep the amount 


Plate XLI. A cleared strip: highway construction or power transmission 
line? 
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of current low, for minimum energy loss to the wire. The 
power is proportional to the product of the voltage and the 
current. The same power can be obtained in a 6-volt headlight 
lamp in a car, operating at 4 amperes, as in a 120-volt house- 
lighting circuit at a current of 0.2 ampere. For low losses 
in electric power transmission, therefore, the low-current 
power is transmitted at high voltage and then it is trans- 
formed, at the end of the transmission line, to the higher- 
current, lower-voltage electrical power suitable for household 
use. 

Long before the days of power transmission, man knew 
that a straight line was the shortest distance between two 
points, and the straight paths worn by the feet of prehistoric 
man have been discovered from the air by archaeologists in 
places where they could not be discerned from ground level. 
If a path is traveled again and again it becomes worn below 
the level of the land on either side of it. The broad groove 
may not be noticeable to one standing close to it, but from 
the air, with the late afternoon sun making long shadows, 
it may show as a straight line of shadow across a field. Since 
it is a little below the general surface, it will be less dry than 
the surrounding land and the vegetation will grow differently 
in it. This may show better in spring when growth is rapid 
and slight advantages make a greater difference to the young 
plants. 

An old ditch, filled with looser soil; a buried bit of debris 
or footing for a wall or dwelling; these will cause different 
plant growth and so will show differently from the air under 
suitable conditions. Recognition of these differences takes 
practice, but the fact that structures made by man form ex- 
tended patterns is the key to discovery from the air. As D. 
M. Reeves has put it, in an article on “Aerial Photography 
and Archeology” in American Antiquity (Vol. 2, 1936), “A 
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fly walking on a rug would have difficulty recognizing the 
design, but upon flying above the rug, the pattern would be- 
come distinct.” 

Archaeologists appreciated the potentialities of aerial pho- 
tography as early as 1880 and used kites and balloons to raise 
their cameras above their archaeological sites, but the difficul- 
ties were great and the results not very satisfactory. It was 
the intensive use of air photographs for gaining information 
about enemy territory in World War I that opened the way 
for archaeological exploration from the air. One of the earliest 
examples was the discovery of distinct evidence of former 
cities on photographs taken in Mesopotamia by the Royal 
Air Force during World War I. Another famous early discov- 
ery was made by Colonel Charles A. Lindbergh and Alfred 
V. Kidder when they spotted from the air Mayan ruins deep 
in the jungle of Central America where they had not been 
known to exist. 

In Flights Over the Ancient Cities of Iran, a splendid book 
published by the Oriental Institute of the University of Chicago, 
Erich F. Schmidt describes the discovery of a group of struc- 
tures on top of an isolated Persian Mountain. “Rock-hewn 
chambers, together with basins to gather the water of the 
winter rains, are visible on the inclined summit of Dadan 
Mountain. No explorer wandering and searching along nor- 
mal roads on the face of the earth would be able to see the 
extraordinary changes made by human labor on the top of 
this precipitous cliff.” 

The greatest use of the airplane in archaeology has not, 
however, been in the discovery of new sites, but in the mapping 
and extension of old sites and the discovery of unknown features 
in and around these sites. In the United States, for example, 
aerial photographs have been used in the study of prehistoric 
canals in the Gila River valley in Arizona by archaeologists 
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from the Smithsonian Institution. A photograph taken of the 
well-known archaeological site at Newark, Ohio, showed that 
evidence of prehistoric occupation extended beyond the sup- 
posed boundaries of the site into an area that had been graded 
for use as an airport. 

Perhaps the most famous discovery of this sort was made 
by the British archaeologist Crawford, about the end of World 
War I. Archaeologists had found parts of the paths along 
which the great stones had been dragged for the construction 
of Stonehenge, but the picture was not complete until the 
missing portions were detected by Crawford from aerial photo- 
graphs and their location later confirmed by ground excava- 
tions. 

Such discoveries are made from moderate elevations. As 
you fly higher, objects on the ground appear smaller, but you 
can make them appear larger again by using binoculars. How 
big does an object have to be to be distinguished by an airplane 
passenger without binoculars from an elevation of 30,000 feet? 
To get a feeling for the answer to such a question, let us con- 
sider Figure 45. We see that an object 100 feet long on the 
ground, viewed from an elevation of 100 feet, will subtend 
an angle of 45° in our field of view. 
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In other words, the light rays reaching the eye of the observer 
from the left end of the object make an angle of 45° with 
those coming from the right end of the object, when the eye 
is over the left end of the object as in Figure 45. From 
an elevation of 500 feet, how much smaller will that object 
appear, viewed in the same way? We now have a triangle 
500 feet high and 100 feet along the base. The tangent of 
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Figure 45. Diagram to illustrate decrease in apparent size with increase 
in elevation 
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the angle B is therefore 44, but we can construct an exactly 
similar triangle beside the tall one with a height of 100 feet 
and a base of 20 feet. Again the tangent of B is 4%. It 
appears that multiplying our elevation by five has made the 
object look one fifth as big, since this is the size it would have 
to be, viewed from the original elevation, for light rays from 
its two ends to make the angle B at the eye of the observer. 
At an elevation ten times greater than our original elevation, 
the object would appear one tenth as large. 

Now we are in a position to use a very fine book written 
by Kees Boeke to answer our original question. In this book” 
Boeke shows a series of pictures, each of which is on a scale 
one tenth that of the previous one. Thus in the first picture 
we are looking down, say, from an elevation of ten feet, on 
a girl sitting in a chair. Her picture fills the page, about 
one tenth her actual size. In the second picture which, by 
our calculation, would show her as we would see her from 
an elevation of 100 feet, she is less than half an inch long 
and we now see a couple of automobiles near her and the 
front half of a whale (unlikely, Boeke admits, but useful later). 
In the third picture, from an elevation of a thousand feet, 
the child is a dot, the automobiles less than a quarter-inch 
long and the whale a bit more than an inch. In the fourth 
picture, from 10,000 feet, the automobiles are no longer visible 
and the whale is less than % inch long. From 30,000 feet 
it would be a dot. The fifth picture takes us to an elevation 
higher than civilians fly at present: 100,000 feet. The whale 
is no longer visible of course, and all that can be seen is major 
roads and dark patches of towns in northern Holland, where 
Boeke wrote his book. Two jumps later the whole globe of 
the earth occupies the page. 


°Cosmic View, The Universe in Forty Jumps (New York, The John Day Company, 
1957). 
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What would we conclude about man on the surface of the 
earth if we looked for signs of his presence from a satellite 
orbiting the earth? Among those who have turned their atten- 
tion to this question are Steven Kilston and Carl Sagan of 
Harvard and Robert Drimmond of NASA. Together these 
three have written a paper entitled, “A Search for Life on 
Earth at Kilometer Resolution”’. By “kilometer resolution” 
one means that if two objects being photographed were sep- 
arated by a distance of one kilometer (°%, of a mile), they 
would appear as separate objects in the photograph. This 
is a better way to describe the search than to ask what you 
could detect from a particular elevation, since detection in- 
volves the “seeing” and recording equipment as well as the 
distance to the object to be detected. The abstract of this 
paper is quoted in its entirety below. 


A search for life on Earth at kilometer resolution, using 
several thousand photographs obtained by the Tiros and 
Nimbus meteorological satellites, has been undertaken. 
No sign of life can be discovered on the vast majority of 
these photographs. Due principally to the small contrast 
variations involved and the difficulty in reproducing observ- 
ing conditions at satellite altitudes, no seasonal variations 
in the contrast of vegetation could be detected. Of several 
thousand Nimbus | photographs of essentially cloudfree 
terrains, one feature was found indicative of a technical 
civilization on Earth —a recently completed interstate high- 
way — and another suggestive feature was discovered, pos- 
sibly a jet contrail. A striking rectilinear feature was found 
on the Moroccan coast; however, it appears to be a natural 
peninsula. An orthogonal grid, discovered in a Tiros 2 
photograph, is due to the activities of Canadian loggers, 
and is a clear sign of life. It appears that several thousand 


“Icarus: International Journal of the Solar System, Vol. 5 (1966), pp. 79-98. 
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photographs, each with a resolution of a few tenths of a 
kilometer, are required before any sign of intelligent life 
can be found with reasonable reliability. An equivalent 
Mariner 4 system—taking 22 photographs of the Earth 
with a resolution of several kilometers— would not detect 
any sign of life on Earth, intelligent or otherwise. 


In the paper one finds that the interstate highway mentioned 
in the abstract was identified as such only after comparison 
with a road map of the area and that the feature which might 
have been a contrail might also have been a natural jetstream 
cloud. This leaves only the Canadian loggers. 

The photographs from the Gemini flights, taken from a little 
more than 100 miles above the surface of the earth, instead 
of from the 300- to 600-mile elevation of the Tiros and Nimbus 
shots, are more revealing of evidence of man on earth. A 
fine collection of them, in color, has been published in the 
National Geographic (Vol. 130, No. 5, November, 1966, pp. 
645-670), accompanying a most interesting article, “The Earth 
from Orbit”, by Dr. Paul D. Lowman, Jr., of NASA’s Goddard 
Space Flight Center. Dr. Lowman describes evidence to show 
that, under very favorable circumstances, buildings, trains, 
boat wakes, and perhaps even a large truck were observed 
by the astronauts. The Egyptian pyramids, however, were 
missed altogether. 

In one of the Gemini 4 photographs accompanying Dr. 
Lowman’s article, the rectangular patterns of farmland in west 
Texas show clearly and the road between Odessa and Midland 
shines white in the sunlight. 


13. Flying at Night 


AS THE DAYLIGHT fades with the coming of evening, color 
is drained from the landscape spread out below you. The 
yellow fields of grain, the green grass, the red barns are still 
visible in the twilight, but they are no longer so clearly yellow 
and green and red. We are so used to this phenomenon that 
we hardly realize that it needs explanation, yet one might 
reasonably suppose that we should see the colors just as dis- 
tinctly, if less brightly, as the light grows dim. 

The graying of the colors is a physiological effect due to 
the difference in the way the eye functions in strong light 
and in weak light. The eye has cone-shaped light-receiving 
organs, mostly in the center of the retina, and rod-shaped 
light-receiving organs, mostly around the rim of the retina. 
The cones are color-distinguishing; they are responsive to light 
of ordinary intensities, but not to weak light. The rods do 
not distinguish one color from another, but they are sensitive 
to light far weaker than that detectable by the cones. As 
the daylight fades the rods take over where the cones leave 
off and we buy light sensitivity at the expense of color detec- 
tion. 
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In our perception of color we may also have to take into 
account another physiological effect. If a blue source of light 
and a red source of light appear equally bright to the eye, 
and if the intensity of each is diminished in the same ratio 
(say, cut to one half), then they will no longer appear equally 
bright. The blue light will appear brighter. This is known 
as the Purkinje effect, after its discoverer, J. E. Purkinje, who, 
in the early part of the nineteenth century, also made studies 
of the nature of vertigo, discovered the germinal vesicle in 
the chick egg and first pointed out the permanent nature of 
fingerprints! 

With darkness, the lights come on, lights bright enough 
for our cones to detect their color, lights on bridges and high- 
ways, in stores and houses, on signs and automobiles, in airports 
and on planes. Easily the oldest features of the plane are its 
red and green lights; red on the left wing and green on the 
right. Recognizing established custom, the British Admiralty 
finally wrote into the Rules of the Road in 1848 that ships 
must carry a red light on the port side and a green light to 
starboard. Since 1864 such lights have been required on all 
American ships. The law decrees that they shall be “so fixed 
as to show the light from right ahead to 22¥, degrees (2 points) 
abaft the beam” (221, degrees back of a direction 90° to the 
long axis of the boat). They make it possible to determine 
in the dark which way a neighboring boat is going. The boat 
also carries white lights, bow and stern. When only these 
can be seen, you know the boat is going away from you since 
the red and green lights cannot be seen from farther back 
than “2 points abaft the beam”. 

The lights on boats are steady lights, but some of those 
on the airplane blink constantly. The boat is seen against 
a background of black water on which any light means a boat, 
but the plane is seen against a background of stars, and to 
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avoid collisions it must be distinguishable from them at a great 
distance, because it moves several miles a minute. 

The lights at the airport outline the runways and warn of 
obstructions. The landing runway is outlined with white or 
yellow-white lights; the taxiways, along which the airplanes 
approach or leave the runway, are usually marked with blue 
lights. Obstructions bear red lights, except that the wind indi- 
cator may be lighted in green. The Federal Aviation Agency 
makes the rules, but there is much variation from one airport 
to another. For example, some airports have, in addition 
to their white runway lights, and right beside them, lights 
which give the pilot information about his approach angle. 
These lights are so constructed that they show red when viewed 
along a line of sight making an angle of less than 3° with 
the ground, but white when viewed at a greater angle. A 
landing airplane views the near lights at a steeper angle and 
the far lights at a flatter angle (Fig. 46). If it is viewing the 
far lights at an angle of less than 3° they will look red. At 
the same time the near lights will look white if they are being 
viewed at an angle of greater than 3°. By watching the lights 
as he approaches, the pilot can judge his angle of approach. 
If it is correct, he will see the far lights as red and the near 
lights as white; if too steep, he will see all white; if too low, 
he will see all red. 


Figure 46. Approach-angle lights 
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The colored lights in the airport are incandescent lights, 
like standard household light bulbs, colored by the use of 
screens or filters or colored lenses. 

Light from a very hot incandescent source, such as the hot 
wire in a common light bulb, has all the various wavelengths 
to which the human eye is sensitive. The whole rainbow 
range of colored light beams, taken together, make up white 
light. When such light is passed through a piece of colored 
glass, part of it is absorbed by the glass which selectively 
stops light beams whose wavelengths are in a particular range; 
the greenish range, for example. Since the light that gets 
through no longer comprises the whole rainbow range, it is 
no longer white light. If greenish light has been subtracted 
from it, it will look reddish. 

A spectroscope is an instrument for spreading out the light 
according to wavelength as it is spread in the rainbow. If 
light that has been through a red glass filter is examined with 
a spectroscope, we see that where greenish light should be, 
there is only darkness because the greenish light did not get 
through the glass. The heart of a spectroscope, the part that 
achieves the spreading of the light, may be either a prism 
or a diffraction grating. Plastic replica diffraction gratings 
are now widely available at very low cost and are well worth 
the sliver of space they occupy in your pocket. With such 
a grating you can analyze light, spread it out into its component 
beams according to wavelength. 

Such an analysis of some of our colored signs and street 
lights can be of special interest. Many of our city lights are 
not incandescent; they are gas-tube lights in which the atoms 
of the gas are “excited” by being bombarded with electrons. 
The most familiar among these is the neon light in which 
the excited neon atoms give off red light, but mercury-vapor 
lights are now being widely used as street lights. In an excited 
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atom, one or more of its electrons has been given extra energy. 
When the atom returns to its former state this energy is given 
off as light. The atom can take on energy only in certain 
specific amounts, different for each different kind of atom. 
When this specific amount of energy is given off as light, the 
light is of a specific wavelength, determined by the packet of 
energy that the atom took on. 

When the light from such a source is spread out according 
to wavelength, it appears only in certain sharply defined narrow 
regions of the whole rainbow range. Most of the range is 
dark. If you look at a mercury-vapor street lamp through 
a plastic replica diffraction grating, you will see, off to the 
side, a purple street light, separated from a green street light 
still farther away from the source and a yellow one farther 
out than that. The excited mercury atoms, returning to their 
unexcited state can only give off energy as purple light, green 
light, and yellow light, with no light in between these colors. 

Street lights and signs shine directly into our eyes, but house 
lights cannot be seen directly from the air. Therefore the 
light that we see from them takes on some of the color of 
the object that reflects the light to our eyes. In wintertime, 
if there is no snow on the ground, each house not in a city 
is marked by a brownish orange spot of light whose color 
comes from the reddish-brown bare twigs and branches re- 
flecting the house lights. When snow is on the ground each 
house becomes a starlike thing, with long white fingers of 
light radiating out from it. 

At night the distribution of the population shows more 
clearly than in the daytime. Houses that might blend into 
the daytime landscape become pinpoints of light in the night; 
isolated and lonely looking, or connected, like beads on a 
string, along a country road. Towns are bright spots with 
radiating rays, like the spots of color on a tied-and-dyed scarf. 
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Where the land lies in parallel ridges, as it does in much 
of Pennsylvania, the lights lie in parallel rows along the val- 
leys. Since these ridges change direction from nearly north- 
south in southwestern Pennsylvania to nearly east-west in 
eastern Pennsylvania, you can judge roughly where you are 
in the state, by consulting the map of your route and observing 
the angle that the lines of lights below you make with the 
path of the plane. 

In the flat midwestern United States, the rectangular road 
system lies like a lighted tennis net on the ground, against 
which the patterns of cities take shape here and there. Some 
cities have distinctive patterns. Flying over western Pennsyl- 
vania one evening, I looked down to discover the brilliantly 
lighted “golden triangle” of Pittsburgh outlined by the black 
Allegheny and Monongahela Rivers. There was no doubt 
about its being Pittsburgh. 

The region from Boston to Washington, D.C., has been called 
“megalopolis,” the mammoth metropolis, extending for four 
hundred miles with no truly inter-city areas. Fly over it at 
night if you need to be convinced. Here are no bead-strings 
of lights in the great darkness, no bright spots with rays radi- 
ating into the night; just one great interconnecting network 
of lights with rivers of cars running through it, dammed here 
and there by toll-booth plazas, beyond which they flow swiftly 
again. 

During the day, air in contact with the sun-warmed earth 
rises and cools and cumulus clouds form, as discussed in Chap- 
ter 6. Early in the evening these clouds disappear because 
they depend on the rising, cooling air for their nourishment. 
Since these convection currents are responsible for low-level 
bumpiness (Fig. 21), night flying at low levels is generally 
smoother than day flying at these levels. 

If you are flying at night in northern latitudes, especially 
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during the months of March, April, September and October, 
you have a good chance of seeing that magnificent spectacle, 
the aurora borealis. According to Neuberger’, “An average 
of about 240 nights with auroral displays a year can be observed 
along a line passing through the lower half of Hudson Bay, 
near Point Barrow, Alaska, through the northern portion of 
Siberia and Norway, through Iceland, and slightly off the 
southern tip of Greenland.... In the northern half of the 
United States, 5 to 25 nights per year show some northern 
lights.” Those who have seen these lights from the particu- 
larly advantageous observation post provided by a high-flying 
airplane recall the experience with awed delight. 

The aurora occurs very high in the earth’s atmosphere, above 
the stratosphere which is above the troposphere in which we 
live. In the middle latitudes in summer the troposphere may 
be eleven or more miles deep, but in winter it may be less 
than half that deep. Planes flying at about 30,000 feet are 
commonly in the upper troposphere, but in winter they may 
be above the troposphere, in the stratosphere. The still, clear 
air of the stratosphere extends to approximately thirty miles 
above the earth’s surface. Above this, the atoms of the very 
thin air are subjected to the action of cosmic rays and ultra- 
violet radiation from the sun which strip from some of them 
their outermost electrons, thus changing them into ions with 
a net positive charge. This region of the atmosphere is there- 
fore called the ionosphere. 

According to the theory of the aurora most favored at 
present®*, streams of particles, probably electrons, from the 
sun bombard the ions and atoms of the ionosphere, giving 


*Hans Neuberger, Introduction to Meteorology, (University Park, Penna., The 
Pennsylvania State University Press, 1965). 
°* Neuberger, op. cit. 
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them enough energy so that they become excited. As each 
one subsequently returns to its unexcited state it gives off 
the energy it received, emitting it in the form of light of a 
particular wavelength, determined by the nature of the ion 
or atom, just as the atoms of neon gas do in a neon light 
tube. An analysis of the light emitted tells us about the atoms 
that are emitting it. The greenish light commonly observed 
in the aurora comes from excited oxygen atoms. 

The electron-stream theory is consistent with the fact that 
the aurora is most commonly seen near the north and south 
magnetic poles. (These auroras are called the aurora borealis 
and aurora australis, respectively.) According to the theory, 
the earth’s magnetic field deflects the stream of charged par- 
ticles from the sun toward the magnetic polar regions where 
they descend along the “lines of magnetic force’, swarming 
through the ionosphere and causing the aurora. Below the 
ionosphere they are stopped by the more closely spaced mole- 
cules of the denser air. 

The elevation of the aurora above the surface of the earth 
is most commonly between 60 and 200 miles. How big is 
it? This varies from one display to the next, but you may 
be able to get an order-of-magnitude estimate of the size of 
any particular aurora you have the good fortune to see by 
using your bookback goniometer. Suppose you find, by the 
method shown in Figure 16, that some great green veil in 
the northern sky subtends an angle, A, of 20°. Then you 
know that its length, L, (Fig. 47), is related to its distance 
from your eye, D, by 


Tangent A = tan 20° = x 


You can get the tangent of 20° from Table 2 (page 110), but 
what is the value of DP? We can make a rough estimate of it 
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by assuming that the bottom of the aurora is about 60 miles 
above the surface, the elevation most commonly observed. 
Then, by measuring the angle between the horizon and the 
bottom of the aurora (angle B, Fig. 47) we can calculate D 
from the relationship 


sin B — © 
D 
D= 6 
sin B 


Figure 47. Measuring the aurora 
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A sine table is given below for your convenience. 


Table 4 Angle Sine 
Sines of some small angles 5° .09 
10 17 
15 .26 
20 34 
25 42 


30 00 
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Suppose you find the angle of elevation (B, Fig. 48) to be 
15°. Then the estimated distance of the aurora from you is 


D= o = approximately 230 miles 
From this you can determine that the length of the aurora 
is 
L =D tan 20° = 230 x .36 = approximately 83 miles. 


Since we used the right triangle involving the angle, A, and 
the side, D, in Figure 47, the distance, L, we have calculated 
is in fact the length of the dashed line in the figure. The 
vertical length of the aurora may be a little greater or less, 
depending on its shape. 


14. Landing 


AN AIRPLANE several miles above the surface of the earth starts 
its descent many miles before its destination. You may be 
able to sense when this happens by your inertial frame of 
reference or by hearing the change in sound of the motors 
or jets. Or the captain may tell you about it: “We have 
just passed over Easton, Pennsylvania, and are beginning our 
descent for Newark Airport.” Suppose you have been cruising 
at 31,000 feet (5.9 miles) when you hear this announcement. 
Reference to a map that has a scale of miles will show you 
that Easton is 55 miles from Newark Airport. From this in- 
formation you can calculate the average angle of descent, 
D; the average angle that the airplane’s path makes with the 
horizontal as it descends. 


tangent D = 539 _ 9.107 


55 


From Table 2, you can see that D is a little greater than 6°. 
Do all airplanes descend at the same average angle or do 
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some drop out of the sky more steeply than others? If you 
keep track of your location carefully as you near the end of 
your trip by spotting recognizable features of the land below 
you and matching them to features on a map, you will know 
where you are when the plane starts on its long downward 
path. By doing this on several trips in different types of air- 
planes and keeping records of the descent angles, you will 
be able to answer the question from your own observations. 
The Federal Aviation Agency requires that the angle be 3° 
for the last 4 miles of descent. 

As you descend, you may again sense discomfort in your 
ears. Babies that have been quiet during the trip protest 
about this noisily. This time the pressure in the middle ear 
(M, Fig. 3) is less than the outside pressure and the resulting 
adjustment of the surrounding tissue is felt by you. Air must 
move into the middle ear along the Eustachian tube if this 
uncomfortable sensation is to be relieved, but the pressure 
of the outside air tends to keep it closed and the discomfort 
is therefore likely to be longer lasting than it was on the 
way up. 

If you approach the airport from any but the downwind 
side, the airplane will have to head for a point downwind 
from the airport and turn into the wind to land. Its lift comes 
from the motion of the air past the wings (Chapter 1) and 
this must be kept as large as possible when the plane slows 
down for a landing. Yet if the plane’s velocity relative to 
the landing strip is too great, it will have difficulty in stopping 
before the end of the strip. So it must turn to land facing 
the wind and it must bank as it turns. 

You are familiar with banked turns on roadways on the 
ground. If you are driving fast on a wet paved road and 
come to an unbanked curve, you know you are likely to skid 
toward the outside of the curve because of the tendency of 
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the car to continue its motion in a straight line. When the 
car is standing still or moving at constant velocity in a straight 
line, the only force on it is the gravitational attraction between 
it and the earth. This force is the car’s weight, the force 
with which it presses down on the pavement. The pavement 
presses up on the car with an equal and opposite force. If 
this were not so, there would be a net force one way or the 
other and the contact between the pavement and the tire 
would move up or down in response to the net force. 

When the wheels are turned as we go around a curve, we 
are using the friction between the tire and the pavement to 
exert the necessary force on the car (f, Fig. 48) to divert it 
from its tendency to persevere “‘in its state of uniform motion 
in a straight line’ (Chapter 1). If, however, the friction is 
decreased by a lubricating layer of water or ice, then the 
turning force will not be able to act and the car will continue 


Figure 48. Top view of a car going around a curve on a dry, unbanked road 
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to move in a straight line toward the outside of the curve 
in accordance with Newton’s first law (Fig. 49). Such a skid 
can be disastrous. 

In Figure 50, showing the tire of a car in relation to the 
pavement, its tendency to move toward the outside of the 
curve (that is, to persevere in a straight line) is overcome 
by the force f toward the inside of the curve. (The arrow 
W in Fig. 50 represents the weight of the car, the force which 
is opposed by an equal and opposite upward force F from 
the pavement.) If the force f cannot act (Fig. 51) because 
glare ice has reduced the road friction to zero, then, as we 
saw in Fig. 49, the car will continue in a straight line and 
the tire will skid toward the outside of the turn. 

Suppose the road is banked as in Fig. 52. Then the weight 
of the car no longer acts in a direction perpendicular to the 


Figure 49. Top view of a car failing to make the curve on an icy, unbanked 
road 
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road, but at an angle to it which is equal to the banking angle, 
B, of the road (Fig. 52). This force due to the weight of 
the car can be analyzed into two components, one perpen- 
dicular to the pavement (p, Fig. 52) and one along the pave- 
ment (a, Fig. 52), since these two forces, acting together, 
would have the same effect as the resultant force W. The 
force p is opposed by an equal and opposite force F, on the 
tire by the pavement, as before, and this leaves us with the 
force a, which is just what we need to counteract the tend- 
ency of the tire to move toward the outside of the curve as it 
continues in a straight line (Fig. 49). 

The correct banking angle, B (Fig. 52), will depend on the 
speed of the car and the sharpness of the curve. Suppose the 
road is icy and the banking angle is not steep enough: the car 
will skid toward the outside of the curve because the force a is 


Figure 50. Left, tire going around a curve to the left on a dry, unbanked 
road 


Figure 51. Right, tire failing to make the curve to the left on an icy, un- 
banked road 
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not big enough to deflect it adequately from its straight-line 
path. If the banking angle is too steep, the car will slip down- 
hill toward the inside of the curve because the force a (Fig. 
52) is bigger than that needed to deflect it from its straight- 
line path. When the angle is exactly appropriate to the 
speed of the car and the sharpness of the curve, the car can 
make the curve on glare ice, with no tendency to slip either 
toward the outside or the inside of the curve. 


Figure 52. Tire going around a curve to the left on a banked road 


The air is a very slippery pavement indeed. The plane 
would skid enormously on a turn if its “road surface’ were 
not banked. The “road surface” in question is the contact 
between the underside of the wings and the air which pushes 
up on them. So the plane banks, tilting around its end-to-end 
axis as a baby’s cradle tilts. Just so does a bird bank as it 
tums. The angle of such a tilt is called the angle of roll 
of the plane. 

The control of the movements of the plane is achieved by 
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means of hinged flaps. The one attached to the vertical fin 
of the tail is called the rudder; those on the trailing edges 
of the horizontal tail surfaces are called elevators; and on 
the trailing edge of each wing is a hinged flap called an aileron. 
When the rudder is straight out behind, the air flows smoothly 
past it, but when the free rear edge of the rudder is swung 
to the right, the air moving past the right side of the plane 
pushes against it and so pushes the tail of the plane to the 
left; therefore the plane turns right. This motion (a rotation 
around a vertical axis) is known as yaw. The elevators, to- 
gether with the horizontal part of the tail, form an air foil 
like that in Figure 1. Lowering the free rear edge of the 
elevators increases the curvature of the air foil and lifts the 
tail, causing the nose of the plane to be lower than the tail. 
This is the motion we have already identified as pitch. The 
controls for the ailerons are so linked that when the right- 
wing aileron is raised, the left wing aileron is automatically 
lowered. The lowering of the left aileron increases the effec- 
tive curvature of the wing-aileron assembly and causes lifting 
of the left wing, while the right wing goes down because of 
the opposite action and the plane banks to the right. In this 
way the ailerons control] the roll of the plane. 

Can you measure the angle of roll of the plane, using the 
bookback goniometer as a clinometer as you did for the angle 
of pitch in Chapter 9 (Fig. 34)? Use the back of the seat 
in front of you as a reference line in the plane which would 
be horizontal when the angle of roll was zero. Try it as the 
plane goes into its banked turn just prior to landing. You 
may be surprised at the result of your measurement. If you 
are, remember Newton’s first law and the discussion of 
Fig. 52. 

As the plane comes close to the runway it must cut its 
speed drastically, but it still needs the lift that it gets from 
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its speed relative to the air. A strong headwind can help 
at this stage, but the crew can also help a little. If the curva- 
ture of the upper surface of both wings could be increased, 
the lifting force would be increased. This is done by extending 
curved flaps out from the rear edge of the wing. These also 
help to slow down the plane but their primary purpose is 
to increase the lift at low velocity. 

After landing, the speed of the plane must be decreased 
drastically. In the early days of flying, brakes on the wheels 
had to do the whole job, but in today’s planes, both propeller 
and jet, the direction of the engines’ thrust can be reversed. 
In the propeller plane this is done by changing the angle 
of the propeller blades so that they blow air forward instead 
of backward. In a jet, deflector buckets catch the jet exhaust 
and deflect it forward. The plane experiences an equal and 
opposite force. As Newton put it, in his third law, “To every 
action there is always opposed an equal reaction: or, the mutual 
actions of two bodies upon each other are always equal, and 
directed in contrary parts.” 

In the old way, when we had to depend on wheel brakes, 
if the runway was slippery there might not be enough fric- 
tion between the tires and the runway to apply enough force 
to prevent the plane from “persevering in its state of uniform 
motion” in accordance with Newton’s first law. In the new 
way we are not depending on the interaction between the 
wheels and the runway, but on the interaction between the 
air moved by the motors and the air surrounding the plane, 
a safer dependence. 

Your airplane may turn sharply from the landing runway 
onto a taxi lane. This turn is not banked at all since most 
of it is on the runway itself which must be flat. What happens 
in this case when you hold the clinometer in the left-to-right 
position, with one edge against the horizontal edge of the 
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chairback in front of you? Compare this case with the meas- 
urement made during the banking turn in the light of your 
knowledge of the orientation of the forces in each case. 

The buildings at airports are as varied as the cities they 
serve. Some are made of logs, some of concrete, some of 
glass and chromium-plated steel. But somewhere in every 
airport will be the familiar shape of the heart of the control 
tower, the top-heavy “control cab” with the sloping green 
glass windows whose roof bristles with assorted antennae (Plate 
XLII). This doesn’t happen by chance. Technical Standard 
Order N136 of the Federal Aviation Administration specifies 
rather precisely how the control cab shall be built. For ex- 
ample, it requires that “to minimize reflections in the control 
cab, the glass shall be sloped outward from sill to ceiling at 
an angle of 15 degrees from the vertical.” You can check 
this angle with the bookback goniometer, using a weighted 
string or chain as in Figure 34 to show you the vertical direc- 
tion. If the window panes were vertical, beams of the late 


Plate XLII. The control cab 
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afternoon sunlight that entered the control cab might be 
reflected from the inner surface of the panes into the eyes 
of those watching the airplanes; with the panes sloping out- 
ward, such beams are reflected upward to the ceiling. With 
vertical windows sunlight might also be reflected into the 
eyes of landing pilots; the outer surfaces of the sloping panes 
reflect light downward to the ground. 

TSON136 further states that “double glass with a hermeti- 
cally-sealed air space shall be installed in the tower cab be- 
cause of its superior insulating value to minimize fogging or 
frosting of the glass.” The air in the control cab must not 
reach the dew point. The air between the outer pane and 
the inner pane is a poorer conductor of heat than the glass is, 
so the inner glass does not lose its heat as rapidly to the out- 
side and no water droplets condense on it to hide the landing 
planes from view. 

TSON136 goes on, “‘a tinted heat-absorbing plate glass with 
a light transmittance value of not less than 70% shall be used 
as the outer pane only, the inner pane being clear.” 

On top of the control tower shown in Plate XLII are three 
different kinds of antennae, each with a different function. 
The two vertical whip-like antennae at the left are for com- 
municating with private aircraft and aircraft maintenance 
crews. The oscillating electric current moving up and down 
in these vertical rods will send out radio waves whose oscilla- 
tion is only up and down, polarized radio waves which must 
be received on vertically oriented antennae. The vertical rod 
that extends out of the picture, topping everything, is a light- 
ning rod. The two large irregular antennae, which have been 
nicknamed swastikas by the airmen because of their shape, 
transmit radio waves which can be received on either vertical 
or horizontal antennae. The four antennae on the four cor- 
ners of the control cab, the bristling antennae that look like 


Landing 205 


witches’ brooms, are for communication with military aircraft. 
Elsewhere on the field there is a horizontal] antenna for trans- 
mitting navigation information which always goes out on hori- 
zontally oscillating radio waves. 


Qe 


We have come to the end of the trip. We have observed 
many things, but there are many more still to be observed. 
We have made a few measurements, but you will think of 
others that can be made. We have discovered, as airplane 
passengers, much that we could not have observed from the 
ground. Watch out for this game of observing the world 
around you. It is habit-forming. 
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drainage patterns, 33-34, 39 
droplets, 68 

cloud, 88 

cumulus cloud, 97 

size of, 70, 98 
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earth’s rotation, 144 
earthquake, 152 


Index 219 


eclipse, of the sun, 68 
ecology, 160 

Einstein, Albert, 45 n. 
electric vector, 62 
electricity, 118-119 
electromagnetic radiation, 13 
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law of, 136 
gravitational force, 2 
Gulf of Mexico, 49 
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Harvard, 183 
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Hawaii, 158 
head wind, 101 ff. 
headwaters of streams, 43 
heat energy, 95 
Heiligenschein, 68 
“holding pattern,” 133 
horizon distances, 122 
horizontal strip-cropping, 150 
Hudson Bay, 191 
Hudson River, 98 
humidity, relative, 83, 84, 85 
hydrodynamics, 3 


ice, crystals of, 75, 97 
density of, 55 
formation of, 106 
as an insulator, 55, 106 
on lakes, 23-25, 55, 105 
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igneous rock, 147 
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index of refraction, 64, 71, 72, 73 
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inertia, 1, 139, 143, 146 
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inertial navigation system, instrumental, 143 
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karst topography, 157, 159 
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and light reflection, 18 
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in lower atmosphere, 59 
polarized, 13 ff., 62 
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scattering of, 60 
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on runways, 187 
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Little Colorado River, 48, 149 
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meandering, of rivers, 44 ff. 
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mile, nautical, 118 
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Mississippi River, 35, 49, 132 
Missouri River, 24, 44 
moisture, in upper atmosphere, 91 
molecules, arrangement of in plastic window, 15 
Monongahela River, 190 
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medial, 57 

terminal, 57 


National Geographic, 184 
NASA, 183-184 
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and law of gravitation, 136 
third law, 202 
Newton’s first law of motion, 3, 43, 142, 198 
night flying, 185 ff. 
smoothness of, 190 
nimbostratus, 98 
North Pole, 132-133 
Northwest Territory, 173 
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Ohio River, 24, 35 

optical effects, of Polaroid glasses, 13 
of strain in plastic, 15, 16 

oscillations of light waves, 13 
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Pan American World Airways, 143 
parallax, 134-136 
photography, from a plane, 63, 147 
problems of, 64 
from satellites, 183-184 
use in archaeology, 179-182 
use in map-making, 157 
pitch, angle of, 137, 201 
plastic, optical effects of strain in, 15, 16, 65 
Platte River, 50-51 
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polarized light, 13 ff., 62 
polarizers, 15, 74 
Polaroid glasses, 13-15, 74 
population distribution, 167 ff. 
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rain, 103 ff. 
rainbow, 69, 72 ff. 
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seen from above, 73, 74 
raindrops, 88 
rainmaking, 97 
reflection, angle of, 8-11, 124 
of the sun’s rays, 128 
on surface of water, 10, 12, 53 
refraction, of light, 64, 72 
of water waves, 28 
relative humidity, 83, 84, 85, 89 ff. 
ring phenomena, 75 ff. 
ripple tanks, 17 
rivers, frozen, 53-54 
mature, 37, 43, 50 
old, 37, 49 
young, 37, 43 
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rocks, folding of, 152 
formation of, 147 
horizontal layers of, 150 
kinds of, 147-148 
structure of, 149 
Rocky Mountains, 173 
roll, angle of, 200-201 
rudder, 201 
runway lights, 117 


salt particles, in air, 84 
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satellites, photographs from, 183-184 
scattering, of light, 60 
Scientific American, 45 n. 
sediment, 31-32 
sedimentary rocks, 148, 151-153, 158 
semicircular canals, in ear, 145 
shadows, of planes, 66-70, 85, 86, 133 
shock wave, 103 
silting up, of lakes, 20 
sines of angles, 110 
size of objects seen from air, 182-183 
sky, blue color of, 60 

polarization of light from, 15, 62 
Smithsonian Institution, 180 
snow, 105 ff. 
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of humid regions, 51 
sound, speed of, 72 
spectroscope, 188 
speed, of a landing plane, 117 
Sperry Gyroscope Company, 143 
standing waves, 17 
stars, as guides, 134 

light from, 66 
Stonehenge, 180 
strain, in stressed structures, 16 
stratocumulus cloud layer, 135 
stratosphere, air of, 66 

planes flying in, 103, 191 

sun shining in, 133 
stratus clouds, 98-99 
strip-cropping, 169 
Sun Valley, Idaho, 163 
sunset, relative hour of, 131 
supercooled water, 97 
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swastikas, 204 
syncline, 153 


takeoff, of an airplane, 1, 4, 141 
tangents of angles, 110, 139 
temperature inversion, 99 
Tennessee River, 35 
terrace farming, 41 
thermal motion, 18 
topography, mapping of, 157 
use of aerial photographs in, 157-158 
translation, detection of, 144 
translatory acceleration, 146 
tropopause, 96, 103 
troposphere, 96, 99, 103, 191 
turbulence, in air, 103 
in rivers, 43 


undertow, 27 
underwater deposits, 30 


vegetation, 160 Ff. 
velocity, use of term, 143 
of water in streams, 33 
vibration, 17 
of airplane, 103 
direction of, 62 
visible spectrum, 60 
volcanic glass, 148 


water, clear, 19 
condensation of, 84, 86-87 
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water (cont'd) 
muddy, 19, 35 
reflection of light from, 8, 12, 18-19, 31 
running, 35 ff. 
supercooled, 97 
waves in, 3-4, 17 
water content, of clouds, 95 
of cold air, 83 
of warm air, 83 
water droplets, 97 
water vapor, 95 
watt, as a unit, 118 
wave action, 23 
wave clouds, 88, 92 
wave patterns, 27 
wave phenomena, 17 
wavelength, airflow, 88 
of light, 10, 19, 61 
waves, breaking of, 27, 53 
of light, 10 
speed of, in water, 27 
of water, 10, 17 
whiteness, of water seen from air, 53 
wind, why planes take off into, 4 
windows, of planes, 91-92, 124, 127, 128 
wings (of a plane), airfoil shape of, 5 
color of, 59 
and photography, 64 
swept-back, 103 
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Plate If. Time exposure of airplane landing at Newark Airport at night 


Plate IV. Color bands from a plastic window, viewed with a polarizing 
filter crossed with respect to the polarized light from the sky 
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